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SUMMARY 
Nodal proteins are members of the transforming growth factor-β (TGF-β) family and 
the Nodal/ TGF-β signaling pathway has crucial roles in mesoderm induction, 
endoderm formation, left-right asymmetry, anterior-posterior patterning and ventral 
midline formation in early animal development (Schier and Shen, 2000).   
Zebrafish, Danio rerio, has emerged as a model organism of vertebrates development 
and genetic studies. In zebrafish, three nodal homologs have been identified, cyclops 
(cyc), squint (sqt) and southpaw (Erter et al., 1998;  Feldman et al., 1998; Sampath et 
al., 1998; Rebagliati et al., 1998; Long et al., 2003). cyc mutant embryos show severe 
defects in the development of medial floor plate and the ventral forebrain, leading to 
cyclopia caused by incomplete splitting of the eye field.  
The floor plate is a specialized group of cells in the ventral midline of the vertebrate 
neural tube and plays critical roles in patterning the central nervous system. Recent 
work from zebrafish, chick, chick-quail chimeras and mice to investigate the 
development of the floor plate has led to two models. The first model (Placzek et al., 
2000) suggests that the floor plate is formed by inductive signaling from the 
notochord to the overlying neural tube. Induction is thought to be mediated by 
notochord-derived Sonic hedgehog (Shh), and requires direct cellular contact between 
the notochord and the neural tube. The second model (Le Douarin and Halpern, 2000) 
proposes a role for the organizer in generating midline precursor cells that produce 
floor plate cells independent of notochord specification, and proposes that floor plate 
specification occurs early during or prior to gastrulation.  
By non-complementation allele screening, we isolated a temperature-sensitive 
mutation in the zebrafish cyc locus, called cycsg1. At 28oC (non-permissive 
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temperature), cycsg1 mutants show the typical cyc phenotypes of fused eyes, ventral 
curvature and absence of the floor plate. However, at 22oC (permissive temperature), 
cycsg1 mutants have a variable phenotype for the eye fusion and ventral curvature 
(classified from V1-V5). Expression of the midline marker shh in cycsg1 reveals the 
restoration of floor plate at 22oC (from V1-V5). Using this allele in temperature shift-
up and shift-down experiments, I answered a central question pertaining to the timing 
of vertebrate floor plate induction. I showed that Cyclops function is essential at 
gastrulation to induce the floor plate in zebrafish.  By modulating Nodal signaling 
levels in mutants and by overexpressing cyc in wild type embryos, I showed that high 
levels of Cyclops signaling are required for induction of the floor plate.  Furthermore, 
I also found that continuous and high levels of Cyclops signaling during gastrulation 
are essential for formation of a complete ventral neural tube. I also revealed that the 
mechanism of the temperature-sensitive mutation phenotype that caused by a 
premature stop codon in the pro-domain in cyc gene is due to a readthrough but it is 
not stop-codon dependent. From the detailed analysis of the pro-domain of Cyclops, I 
found sequences important for protein activity, critical amino acid for inhibitor 
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1.1 TRANSFORMING GROWTH FACTOR β SIGNALING 
PATHWAY: A CRITICAL SIGNALING PATHWAY IN 
DEVELOPMENT  
1.1.1 Transforming Growth Factor Beta Superfamily: One of the Largest 
Families of Secreted Multifunctional Peptides 
In the past 20 years, a large family of secreted signaling molecules has been described 
whose members appear to mediate many key events in normal growth and 
development. The family is known as the transforming growth factor beta (TGFβ) 
superfamily.  TGFβ was first identified as a protein secreted from sarcoma cells that 
promoted the growth of normal rat kidney cells in soft agar (Moses et al., 1981; 
Roberts et al., 1981). To date, over 40 members in the TGFβ superfamily have been 
identified and are present in almost all multicellular animal species. The TGFβ 
superfamily comprises three isoforms of TGFβ, Leftys, activins and inhibins, Nodals, 
growth and differentiation factors (GDF), and bone morphogenetic proteins (BMP) 
(Figure 1.1). TGFβ and related proteins have a remarkable range of activities, 
including regulating cell growth, differentiation, motility, organization and death. 
Some members participate in setting up the basic body plan during early 
embryogenesis in mammals, frogs and flies, whereas others control the formation of 
cartilage, bone and sexual organs, suppress epithelial cell growth, foster wound repair, 
or regulate important immune and endocrine functions (Patterson and Padgett, 2000; 
ten Dijke, et al., 2000). Therefore the TGFβ superfamily is viewed as one of the most 
powerful groups of growth and differentiation factors in animal growth and 
development. 
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Figure 1.1 The transforming growth factor β (TGFβ) superfamily.  
Representative members identified in mouse and humans are shown, except for 
Drosophila Dpp (decapentaplegic) in brackets. BMP, bone morphogenetic protein; 
GDF, growth and differentiation factor; CDMP, Cartilage-derived matrix protein; OP, 
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All members of the TGFβ family are synthesized as larger precursor proteins with a 
signal sequence, a pro domain and a mature peptide (Massague, 1990). The pro- 
domain of TGFβ is poorly conserved among different family members. It appears to 
be required for the normal synthesis and secretion of family members (Gray and 
Mason 1990). The larger precursor protein is proteolytically cleaved to release the 
mature peptide, which is highly conserved across species (more than 90% amino acid 
identity). The mature region contains most of the sequence landmarks by which new 
family members are usually recognized. Seven cysteine residues within the mature 
region are the hallmark of TGFβ family proteins and are nearly invariant in all 
members of the family. The cysteine residues participate in intermolecular and 
intramolecular disulfide bonds.  Crystallography studies of TGFβ2 have shown that 
six of the cysteines are closely grouped to form a rigid structure known as a cysteine 
knot that probably accounts for the resistance of TGFβ to heat, denaturants and pH 
extremes (Daopin et al., 1992; Schlunegger and Grutter, 1992). The fourth cysteine 
residue in the mature region also participates in the intermolecular bond that holds 
two TGFβ peptides together to form a latent complex (proTGFβ). The dimeric 
propeptides, known as the latency–associated proteins (LAPs), are proteolytically 
cleaved from the mature TGFβ dimer in the trans-Golgi apparatus by the convertase 
family of endoproteases, thereby releasing the bioactive TGFβ dimer (Munger et al., 
1997; Cui et al., 1998). Activation of the latent TGFβ complexes plays a critical role 
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Figure 1.2 TGFβ structure. 
TGFβ is synthesized as a large precursor protein, which has a signal sequence, pro 
domain and mature peptide. Two TGFβ molecules are held together to form a dimer 
by intermolecular disulfide bonds between the conserved cysteine residues. When 
TGFβ is secreted, the signal sequence is removed by proteolytic cleavage. The pro 
domain remains associated with the dimer, resulting in a latent protein complex. 
Bioactive TGFβ is released when the pro domain is removed (C in mature domain 
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1.1.2 Regulation of Transforming Growth Factor β Signaling Pathway 
The TGFβ signaling pathway controls a large number of cellular responses and 
functions prominently in animal development. The basic signaling pathway consists 
of a family of membrane-bound receptor protein kinases (serine/threonine protein 
kinases) and a family of receptor substrates, the Sma- and Mad- related proteins 
(Smad proteins). The TGFβ ligand and its receptors form a receptor complex that 
activates Smads. Smads translocate into the nucleus, and together with other 
transcription factors, they regulate the transcription of target genes (Massague 1998; 
Massague and Wotton, 2000). At every step from TGFβ secretion to activation of 
target genes, the activity of TGFβ is regulated tightly, both positively and negatively 
(Figure 1.3). 
1.1.2.1 Controlling secretion and activation of TGFβ ligand  
Tissues contain significant quantities of latent TGFβ; however, activated TGFβ 
constitutes only a small fraction that is sufficient to generate maximal cellular 
responses. Since TGFβ forms a large latent complex (LLC) intracellularly, the 
extracellular extent of TGFβ activity is primarily regulated by conversion of latent 
TGFβ to active TGFβ. The secretion and activation of TGFβ is the first and also a 
very important step in the signaling pathway.  
Secretion of the LAP-TGFβ complex requires another protein called latent-TGFβ-
binding protein (LTBP), which is covalently bonded to LAP through two disulfide 
bonds (Saharinen et al., 1996; Gleizes et al., 1996; Miyazono et al., 1991). LTBP is a 
member of the LTBP/fibrillin protein family that comprised of three fibrilins and four  
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Figure 1.3 Schematic representation of the TGFβ signaling from cell membrane 
to the nucleus. 
The TGFβ ligand initiates signaling by binding to and bringing together type I and 
type II receptor serine/threonine kinases on the cell surface. The receptors then form 
heterotetramers, which results in the phosphorylation and activation of R-Smads that 
subsequently form complexes with the Co-Smad (Smad4). This complex translocates 
to the nucleus, where it regulates gene transcription, directly or indirectly. The central 
components of this signaling system are indicated along with the sites of action of 
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LTBPs (Ramirez and Pereira, 1999). LTBPs contain 15-20 epidermal growth factor 
(EGF)-like repeats, three protein domains containing eight conserved cystine residues  
and a mixed domain. The N-terminus of LTBP mediates its association with the 
extracellular matrix (ECM). The C-terminus of LTBP interacts with LAP through 
specific cystine residues and forms the large, latent complex. LTBP plays a central 
role in the processing and secretion of TGFβ, ensuring correct folding of TGFβ, and 
targeting the latent TGFβ complex to the ECM of certain cells and tissues for storage 
(Taipale et al, 1996) or to the cell membrane where activation takes place (Sato et al, 
1989; Flaumenhaft et al, 1993). In addition, LTBP transcription is co-regulated with 
TGFβ (Taipale et al., 1994). Without LTBP, the small latent form of TGFβ is secreted 
very slowly, and the majority of TGFβ is retained in the cis-Golgi apparatus 
(Miyazono et al., 1991; Miyazono et al., 1992).  
After secretion, activation of the latent TGFβ complex plays a critical role in 
regulating TGFβ function in vivo. Proteolysis is the best-understood activation 
mechanism. This process is likely to occur at the plasma membrane. The enzymes that 
target both LAP and LTBP for cleavage include mannose-6-phosphate/type II insulin-
like growth factor receptor (M6P/IGFII-R), plasmin generated by urokinase 
plasminogen activator (uPA), transglutaminase and calpain (Saharinen et al., 1999; 
Fortunel et al., 2000). A variety of molecules have also been identified as latent TGFβ 
activators, such as two cell surface proteases, matrix metalloproteinase-2 and 9 
(MMP-2 and 9), the matricellular protein TSP-1, the integrin αvβ6 and reactive 
oxygen species (ROS). In addition, an important activator of TGFβ in vivo appears to 
be thrombospodin-1, which induces a conformation change of LAP and thereby 
activates TGFβ (Crawford et al., 1998). The latent TGFβ responds to ECM 
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perturbation or other extracellular perturbations. A commonality among these 
activators is that they are all indicative of ECM perturbations. Failure to localize 
latent TGFβ appropriately results in altered TGFβ activity. Bioactive TGFβ can be 
cleared by a large homotetrameric glycoprotein called α2-microglobulin (Lysiak et al., 
1995; Weaver et al., 1995).         
1.1.2.2 Regulation of receptor activation 
The receptor serine/threonine kinase family in the human genome is comprised of 12 
members -7 type I and 5 type II receptors – all dedicated to TGFβ signaling 
(Massague et al., 1994; Manning et al., 2002). Both types of the receptors have an N-
terminal cysteine-rich extracellular ligand binding domain, a transmembrane region 
and a C-terminal serine/threonine kinase domain. The type I receptor contains a 
juxtamembrane domain that is rich in glycines and serines (GS domain). The type II 
receptor is a constitutively active kinase. It can phosphorylate the GS domain of the 
type I receptor, thus activating the type I serine/threonine kinase and downstream 
targets of the type I receptor, which finally transduce the signal to the nucleus (Figure 
1.3). There are two distinct modes of the ligand-receptor interaction. BMP ligands 
exhibit a high affinity for the extracellular ligand-binding domain of type I receptors 
and a low affinity for the type II receptors. The preassembled type I receptor-ligand 
complex has a higher affinity for type II receptor (Krisch et al., 2000). In contrast to 
BMPs, TGFβs, Activin and Nodals display a high affinity for the type II receptors and 
do not interact with the isolated type I receptors (Massague, 1998). Binding to the 
extracellular domains of both types of the receptor by the dimeric ligand induces a 
close proximity and a conformational change in the intracellular kinase domains of 
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the receptors, facilitating the phosphorylation and subsequent activation of the type I 
receptor. TGFβ forms a heteromeric complex between TβR-II and TβR-I in most cell 
types. Both type I and type II receptors have an intrinsic affinity for each other, which 
contributes to the stability of the heteromeric complex (Chen et al., 1995).    
The steps leading to receptor activation are tightly regulated. There are two classes of 
molecules controlling the access of TGFβ ligands to their receptors in opposing ways. 
One class consists of a diverse group of soluble proteins that act as ligand binding 
traps. They can sequester the ligand and bar its access to membrane receptors. The 
proregion of the TGFβ precursor LAP remains non-covalently bound to the bioactive 
domain of TGFβ after cleavage in the secretory pathway.  Other members include the 
small proteoglycan decorin and the circulating protein α2-macroglobulin, which bind 
free TGFβ; follistatin, which binds to Activins and BMPs; and three distinct protein 
families- Noggin, Chordin/Short Gastrulation (SOG), and DNA/Cerberus, whose 
members also bind to BMPs (Balemans and Van Hul, 2002; Harland, 2001; Massague 
and Chen, 2000). All of these proteins have been shown to interact directly with 
growth factors, thereby preventing interaction of the ligands with their signaling 
receptors. The other class of molecules that control ligand access to receptors includes 
membrane-anchored proteins. This group of proteins acts as accessory receptors, or 
coreceptors, promoting ligand binding to the signaling receptors. The membrane-
anchored proteoglycan betaglycan (also known as the TGFβ type III receptor) binds 
to TGFβ and increases its affinity for the signaling receptors (Massague 1998; Brown 
et al., 1999). Another well-studied group is the epidermal growth factor-Cripto/FRL-
1/Cryptic (EGF-CFC) family. They act both as secreted factors and as cell surface 
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components, mediating the binding of Nodal, Vg1 and GDF1 to receptors (Cheng et 
al., 2003; Rosa, 2002; Shen and Schier, 2000).  
1.1.2.3 Smads – TGF-β signaling transducers 
Smad proteins are the only known TGFβ signaling transducers, mediating signals 
from receptors at the cell surface to target genes in the nucleus (Figure 1.3) (Heldin et 
al., 1997; Wrana, 2000). To date, nine Smad proteins in three different functional 
classes have been identified in vertebrates. Among the three classes of Smads, R-
Smads (receptor-activated Smads) are directly phosphorylated and activated by TGFβ 
type I receptors. Smad2 and Smad3 are recognized by the TGFβ, Activin and Nodal 
receptors, and Smad1, 5, and 8 are recognized by the BMP receptors. The second 
group of Smads is known as Co-Smads (common Smads) and there are two highly 
related Co-Smads known in vertebrates: Smad4 and Smad4β. The third group of 
Smads includes Smad6 and Smad7 which act as inhibitors for abrogating TGFβ signal 
transduction (I-Smads) (Massague and Chen, 2000). All Smad proteins consist of two 
conserved domains: the N-terminal MH1 domain and the C-terminal MH2 domain. 
These domains are connected by a proline-rich linker region. The MH1 domain has 
DNA-binding activity. The MH2 domain drives translocation into the nucleus and 
possesses transcriptional regulatory activity (Shi et al., 1997). The R-Smads, but not 
other groups of Smads, contain a conserved Ser-Ser-x-Ser (SSxS) motif at their C-
terminus that can be phosphorylated by activated type I receptors. Co-Smads are 
shared by all R-Smads and are not required for nuclear accumulation, but are essential 
for the formation of functional transcriptional complexes (Liu et al., 1997). Once 
phosphorylated, R-Smads associate with Co-Smads and translocate to the nucleus. In 
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the nucleus, the Smad complexes can directly or indirectly bind to specific DNA 
sequences, and in association with other transcriptional regulation factors, activate 
target genes (Figure 1.3).  
Activation of Smads is tightly controlled by some regulatory proteins through the 
positive and negative regulation steps. The positive regulators include SARA (Smads 
anchor for receptor activation), a double zinc finger or Phe-Tyr-Val-Glu (FYVE) 
domain containing protein. SARA interacts directly with Smad2 and Smad3 and 
facilitates Smads’ access to the activated TGFβ receptor. In addition to interacting 
directly with Smad2/3, the C-terminal domain of SARA binds to the activated TGFβ 
type I receptor, forming a bridge between the receptor and Smads (Tsukazaki et al., 
1998) (Figure 1.3). SARA is thus critical for the Smads’ access to the receptor 
complex. The proteins exerting negative regulation of Smads are inhibitory Smad6 
and Smad7. Endogenous Smad6 and Smad7 expression is induced by BMP and TGF-
β respectively (Imamura et al., 1997; Hata et al., 1998; Hayashi et al., 1997; Nakao et 
al., 1997). Smad6 acts as a Smad4 decoy that blocks activated Smad1, whereas 
Smad7 binds to type I receptor and prevents phosphorylation on the C-terminus of 
Smad2 and Smad3. Another way of controlling Smad activity involves the ubiquitin-
proteasome pathway. Smurf-1 (Smad ubiquitination regulatory factor-1) is an E3 
ubiquitin ligase, which can regulate the basal level of Smad1 and Smad5 (Zhu et al., 
1999) (Figure 1.3). In turn, Smad2 in the nucleus is specifically targeted for 
ubiquitination and degradation, indicating that the degradation of Smad2 is dependent 
on its activation (Lo and Massague, 1999). 
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1.1.2.4 DNA-binding partners in nucleus  
Smad recruitment to DNA is a key step in determining which set of genes will be 
activated in response to a TGFβ stimulus. Once in the nucleus, R-Smad binds to DNA 
directly. However, this binding is of low affinity and low specificity. By associating 
with DNA-binding partners and forming complexes of specific composition and 
geometry, the Smads can achieve high-affinity, selective interactions with cognate 
DNA. One of such partners is FAST (Forkhead active signal transducer). FAST is a 
member of the winged-helix FoxH1 family of forkhead transcriptional factors 
(Kaestner et al., 2000). FAST can bind directly to specific elements in the promoters 
of target genes. Although FAST can bind to DNA, this binding is not sufficient to 
activate transcription. However, stimulation of the TGFβ pathway results in the 
nuclear translocation of heteromeric complexes of R-Smad/Smad4, which bind to 
FoxH1 and activate transcription. This interaction occurs via the MH2 domain of 
Smad2 and the Smad-interaction domain (SID) at the C-terminus of FoxH1 (Chen et 
al., 1996; Liu et al., 1997). In the last few years, the list of Smad DNA-binding 
partners has expanded dramatically (Attisano and Wrana, 2000; Derynck et al., 1998; 
Massague and Wotton, 2000; Wrana, 2000). In many cases, each nuclear complex of 
R-Smad/Smad4 is competent to associate with a different subset of promoter elements 
through direct interaction of R-Smad with its DNA-binding partners. This promotes 
the binding of Smad4 to DNA at adjacent Smad elements, which in turn stabilizes the 
DNA-binding complex, thus achieving pathway specificity. 
  
Chapter I                                                           Introduction                                                                   14  
                                                           
1.1.3 Role of Transforming Growth Factor β Signaling Pathway in Cancer and 
Developmental Disorders 
Since TGFβ signaling pathways occupy a central position in the signaling network 
that controls the growth, differentiation, and final fate of metazoan cells, disruption of 
TGFβ signaling has been implicated in various human diseases. Mutations in the 
genes for TGFβ, its receptor, and intracellular signaling molecules associated with 
TGFβ are important in the pathogenesis of disease, particularly in cancer and 
developmental disorders (Waite and Eng, 2003).  
TGFβ is both a suppressor and a promoter of tumorigenesis. On one hand, TGFβ has 
a tumor suppression function (Reiss, 1997). It has been estimated that all pancreatic 
cancers and colon have mutations disabling a component of the TGFβ signaling 
pathway (Goggins et al., 1998; Villanueva et al., 1998; Grady et al., 1999). On the 
other hand, TGFβ can increase the severity of the malignant phenotype of transformed 
and tumor-derived cells in experimental systems, and may have the same function in 
human cancer. Increases or decreases in the production of TGFβ have been linked to 
numerous disease states. For instance, high levels of TGFβ and Nodal expression are 
correlated with an advanced clinical stage of tumors and metastasizing tumors (Gold, 
1999; Topczewska et al., 2006). Inactivating mutations in the TGFβ receptor TβRII 
occur in most human colorectal and gastric carcinomas with microstatellite instability 
(MSI) (Markowitz et al., 1995). The TGFβ signaling network is also disrupted in 
cancer by mutations in Smads. Smad4, initially identified as DPC4 (deleted in 
pancreatic carcinoma locus 4), has biallelic loss in one half of all of pancreatic 
cancers, one third of metastatic colon tumors, and smaller subsets of other carcinomas 
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(Hahn et al., 1996; Miyaki et al., 1999). In addition, germ line mutations in Smad4 
cosegregate in a subgroup of patients with juvenile polyposis syndromes (JPSs), an 
autosomal dominant disorder characterized by hematomatous intestinal polyps and an 
increased risk of gastrointestinal cancers (Howe et al., 1998). Inactivating mutations 
in Smad2 can cause colorectal cancers (Eppert et al., 1996; Uchida et al., 1996).  
TGFβ signaling also has critical roles in vertebrate embryogenesis and organogenesis. 
TGFβ1 is involved in vascular development; TGFβ2 in cardiac, lung, craniofacial, 
and urogenital development; and TGFβ3 in proper palate closure (Massague et al., 
2000). Several other members of the TGF-β family, such as Nodals, Activin, Vg1, 
and BMPs have been shown to be important for left-right axis formation (Hogan, 
1996; Whitman, 1998; Goumans and Munnery, 2000; Schier and Shen, 2000; 
Tremblay et al., 2000). Hence, it is not surprising that various heritable developmental 
disorders in humans are caused by mutations in TGFβ pathway components. In 
addition, abnormal TGFβ signaling has also been implicated in widespread human 
disorders including fibrosis, hypertension, and osteoporosis. Mutations in genes 
encoding the type I receptor, ALK-1, and a receptor accessory protein, endoglin, have 
been identified in patients with hereditary haemorrhagic telangiectasia (HTT) 
(McAllister et al., 1995; Johnson et al., 1996). Germline loss-of-function mutations in 
BMP receptor type 2 (BMPR2) gene cause familial primary pulmonary hypertension 
(PPH), a rare autosomal dominant disorder that usually affects the arterial side of the 
pulmonary circulation (Deng et al., 2000). Mutations in TGIF, the Smad 
transcriptional corepressor, cause the human disease holoprosencephaly, in which the 
forebrain fails to cleave into left and right hemispheres, causing defects in the 
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development of the face and in brain structure and function (Muenke and Beachy, 
2000).    
1.2 ZEBRAFISH AS A MODEL ORGANISM FOR 
VERTEBRATE DEVELOPMENT 
Zebrafish, Danio rerio, originating from India and Southeast Asia, is a useful model 
organism for vertebrate development studies. Similar to Xenopus, zebrafish embryos 
develop externally and can be viewed and manipulated at all stages. However, 
zebrafish development is more rapid than in frog; the basic body plan of the zebrafish 
is established in only 10 hours after fertilization. Zebrafish is diploid, making it a 
suitable genetic model. Its early embryos are optically transparent, making it possible 
to observe the behavior of single cell or groups of cells during development. Most 
importantly, Zebrafish, being a vertebrate, is a useful and more appropriate organism 
for addressing questions in vertebrate development, in contrast to invertebrates like 
Drosophila and Caenorhabditis elegans. Since it is becoming increasingly clear that 
dynamic cell behavior is critical for nearly all developmental processes, the ability to 
visualize cell behavior provides an important tool that was not accessible before in 
vertebrate models. Similar to mouse, the zebrafish is amenable to genetic analysis and 
has a similar generation interval (about 3 months). However, adult zebrafish is smaller 
than mouse and chick (about 3-4 cm) and produces more offspring. At weekly 
intervals, a mature zebrafish female lays up to 200 eggs, while a mouse may produce 
only about 15 embryos in a span of 21 days. On account of these properties, it is 
possible to use zebrafish to conduct large-scale genetic screens to isolate mutations in 
genes regulating specific developmental processes.  
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During the past few decades, many forward genetic screens have been carried out in 
zebrafish. One approach is using N-ethyl-N-nitrosourea (ENU), a chemical mutagen, 
which can efficiently induce point mutations in the proliferating germ line of male 
zebrafish (Grunwald and Streisinger, 1992). Retroviral-mediated insertional 
mutagenesis provides an alternative method to generating mutants (Amsterdam and 
Hopkins, 2004). From genetic and insertional mutagenesis screens, several thousand 
phenotypic mutants have been generated and more than 400 of them have been 
genetically identified (Driever et al., 1996; Haffter et al., 1996; Amsterdam et al., 
2004). The affected genes have essential functions in a wide array of biological 
processes, ranging from early embryonic patterning to organogenesis and have proven 
to be a rich source of information on the relationship between genes and their 
functions. In addition, the zebrafish genome is now being sequenced by the Sanger 
Center (www.sanger.ac.uk/Projects/D-rerio/) and its completion will provide another 
powerful tool for further analysis. However gene modification through homologous 
recombination methods is not efficient in zebrafish, recent technical developments 
have introduced powerful reverse genetic techniques such as antisense morpholino-
modified oligonucleotides (MO) (Heasman, 2002; Nasevicius and Ekker, 2000). MOs 
are often designed complementary to the sequences from the 5’ cap to 25 bases 
downstream of the AUG translational start site; thereby blocking the translation 
initiation of specific mRNA. Disrupting gene function by MOs can also be achieved 
by targeting exon-intron junctions. MO-injected embryos have been demonstrated to 
phenocopy the mutations of genes (Nasevicius and Ekker, 2000). Furthermore, 
techniques such as time-lapse imaging, lineage-tracing, cellular transplantation 
(Kimmel et al., 1989), generation of transgenic lines (Meng et al., 1999; Davidson et 
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al., 2003; Kurita et al., 2004), mutation targeting (Wienholds et al., 2002) and cloning 
by nuclear transfer (Lee et al., 2002) have also been developed. All of these tools have 
been successfully used to further our understanding of embryonic patterning, 
signaling, organogenesis and also various diseases.  Taken together, the usage of 
zebrafish as a model system has provided important insights into many areas of 
vertebrate developmental biology.  
1.3 NODAL/ TGFβ SIGNALING PATHWAY IS INVOLVED IN 
PATTERNING ZEBRAFISH EMBRYOS 
1.3.1 The Nodal Signaling Pathway in Zebrafish Embryos 
The basic vertebrate body plan is established during gastrulation, a process that is 
characterized by a series of important events, including the development of the three 
germ layers (endoderm, mesoderm and ectoderm), the specification of organ 
progenitors, and the complex morphogenetic movements of cells. During gastrulation, 
an important signaling center is formed, termed the organizer, which represents the 
most dorsal mesoderm. Signals from the organizer play a crucial role in patterning the 
vertebrate embryo. Organizing centers have been identified in many vertebrates, 
including the primitive streak or node in mouse and chick, and the embryonic shield 
in zebrafish (Beddington, 1994; Waddington, 1932; Shih and Fraser, 1996). The 
organizer signals adjacent cells, thereby inducing the dorsalization of mesoderm and 
neuralization and patterning of ectoderm; initiating morphogenesis; and giving rise to 
axial mesodermal cells (Schier and Talbot, 1998). In the past 10 years, analyses 
utilizing genetics, embryology and molecular biology have shown that these processes 
are mediated by intercellular signaling factors, including members of the BMP, Nodal, 
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fibroblast growth factor (FGF), and canonical and noncanonical Wnt families. 
Systematic genetic screens, followed by molecular and phenotypic analyses in 
zebrafish have revealed that the Nodal/ TGFβ pathway plays a central role in 
patterning early zebrafish embryos. In zebrafish, members of the Nodal family are 
essential for induction of mesoderm and endoderm. Similar to the TGFβ signaling 
pathway described before, in zebrafish, Nodal signals are received by the Activin type 
I and type II receptors as well as the EGF-CFC co-receptors. Receptor activation leads 
to phosphorylation of the transcription factors Smad2 and Smad3, and results in their 
binding to Smad4. The Smad complex translocates to the nucleus where they 
associate with additional transcription factors such as Fast and Mixer and regulate 
target genes expressions. Nodal signaling is antagonized by feedback inhibitors such 
as Lefty proteins, which also belong to the TGFβ family superfamily (Figure 1.4).     
1.3.1.1 Nodal ligands 
Nodal was first discovered in genetic studies in the mouse, as a gene essential for the 
establishment of the primitive streak (Conlon et al., 1994; Zhou et al., 1993). In the 
absence of Nodal, mouse embryos fail to form a node (Beddington, 1994). In addition 
to loss of the node, Nodal mutant embryos fail to form most of the mesoderm and 
completely lose definitive endoderm. The cloning of Nodal and the recognition that 
Nodal encodes a TGFβ superfamily ligand were significant because it identified a 
signal essential for mammalian gastrulation and implicated TGFβ superfamily 
members as mesoderm and endoderm inducers (Schier and Shen, 2000; Whitman, 
2001). So far, Nodals have been identified in human, mouse, Xenopus, zebrafish, 
Amphioxus and ascidians (Schier, 2003).  
  
Chapter I                                                           Introduction                                                                   20  
                                                           
 
 
   
    
      
 
 
Figure 1.4 Schematic diagram of the Nodal signaling pathway in zebrafish. 
The Nodal-related proteins Squint, Cyclops and Southpaw are secreted ligands. 
Interaction of ligands with the receptor complex leads to the intracellular release of 
activated Smad2, which interacts with Smad4 and becomes translocated to the nucleus. 
The Smad2-Smad4 complex interacts with Fast1 or Mix/Bix proteins, leading to the 
transcriptional activation of Nodal responsive genes. Among these genes is one 
encoding Antivin (Lefty) which is secreted and can serve as an extracellular negative 
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In zebrafish there are three Nodal proteins: Cyclops, Squint and Southpaw (Erter et al., 
1998; Feldman et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998; Long et al., 
2003). Cyclops (cyc) was first isolated as a gamma-ray induced mutation that 
produces severe defects in the development of the medial floor plate and the ventral 
forebrain, leading to cyclopia caused by incomplete splitting of the eye field (Hatta et 
al., 1991).  In addition to the ventral neural tube defects, cyc mutants also have a 
defect in prechordal plate and reduced specification of the hatching gland, a major 
derivative of the prechordal plate. Other abnormalities include defects in notochord, 
axon guidance, malformation of the tail (curly tail down), and randomization of left-
right asymmetry, which eventually lead to larval lethality (Hatta et al., 1991; Hatta et 
al., 1994; Thisse et al., 1994; Yan et al., 1995; Odenthal et al., 2000). Different alleles 
of cyc have been identified through ENU and gamma-ray induced mutagenesis, such 
as cycm294, cyctf219, cycb16 (Schier et al., 1996; Brand et al., 1996; Hatta et al., 1991). 
Squint (sqt) was identified as a spontaneous mutation causing cyclopia and affecting 
the prechordal plate at the end of gastrulation (Heisenberg and Nusslein-Volhard, 
1997). In sqt mutant embryos, dorsal mesodermal markers are reduced in the late 
blastula, and the shield fails to form at the onset of gastrulation. At later stages, sqt 
mutants lack ventral diencephalon and show cyclopia (Feldman et al., 1998). The 
cyc;sqt double mutant phenotype is more severe than that of either single mutant. 
cyc;sqt double mutants lack not only the prechordal plate and notochord but also most 
other mesendodermal derivatives, including head and trunk muscle, pronephros, heart, 
blood, and the gut (Feldman et al., 1998). The double mutant analysis shows that cyc 
and sqt have overlapping functions in the development of the prechordal plate, 
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notochord, and other mesendodermal derivatives of the head and trunk. In addtition, 
Nodals appear to differ in their range of activity in vivo, such that only Sqt activates 
the pathway in cells distant to the source (Chen and Schier, 2001). The third nodal 
gene, southpaw (spaw), was identified by degenerate RT-PCR screening for 
additional zebrafish nodal-related genes (Long et al., 2003). Unlike cyc, which has 
only a minor effect on visceral left-right asymmetry, morpholino experiments showed 
that spaw is absolutely required for normal visceral left-right asymmetry. Spaw is 
expressed bilaterally in paraxial mesoderm precursors and then strongly expressed 
within the left lateral plate mesoderm (LPM). At late somite stages, left-sided spaw 
expression transiently overlaps the left-sided expression domain of other genes that 
mark the developing heart field. Loss-of-function analyses show that spaw is required 
for the establishment of visceral LR asymmetry (Long et al., 2003).     
1.3.1.2 Receptors and co-receptors 
Loss-of-function studies in early mouse embryos have shown that the type I receptor 
ALK4 (Gu et al., 1998) and the type II receptors ActRIIA and ActRIIB are Nodal 
receptors (Oh and Li, 1997; Song et al., 1999). In zebrafish, the type I receptor 
TARAM-A (Tar) has been identified and is expressed in the region encompassing 
endodermal and mesodermal progenitors before gastrulation and in the extending 
embryonic axis during gastrulation, a pattern similar to cyc and sqt (Renucci et al., 
1996). An activated form of TARAM-A (Tar*) has been shown to induce 
mesendodermal markers and to transfate early blastomeres into endoderm when 
overexpressed. This is similar to the function of Nodals in mesoderm and endoderm 
induction, suggesting that Tar* can potentiate the effects of Nodals (Renucci et al., 
1996; Peyrieras et al., 1998; David and Rosa, 2001). Also, the dominant negative 
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form of Tar is able to block Nodal-mediated induction of endoderm without affecting 
the signaling induced by other TGFβ-related ligands (Aoki et al., 2002).  
In addition to type I and type II Activin receptors, a novel class of factors are 
specifically required for Nodal signaling. These are the EGF-CFC factors, which 
mechanistically appear to function as coreceptors, enhancing Nodal ligand binding to 
the typeI/typeII receptor complex (Reissmann et al., 2001; Yeo and Whitman, 2001). 
EGF-CFC factors have been characterized in mouse (Cripto and Cryptic), human 
(hCripto and hCryptic), chick (Cripto), frog (FRL-1) and zebrafish (One-eyed pinhead) 
(Bamford et al., 2000; Bianco et al., 2002; Ding et al., 1998a; Dono et al., 1993; Colas 
et al., 2000; Shen et al., 1997; Yan et al., 2002). The zebrafish one-eye pinhead (oep) 
gene is expressed both maternally and zygotically. Zygotic oep mutants show 
cyclopia, ventral forebrain defects, and lack the anterior axial mesoderm (prechordal 
plate) and endoderm (Schier et al., 1996; Schier et al., 1997; Strahle et al., 1997b). 
However, maternal and zygotic loss of oep function (MZoep) phenocopies the loss of 
nodal ligands, cyc and sqt. MZoep mutants lack all endoderm and mesoderm with the 
exception of a few somites in the tail. Mutants also lack trunk spinal cord, but develop 
forebrain, midbrain, hindbrain, and tail spinal cord (Zhang et al., 1998; Gritsman et al., 
1999). Loss of oep function renders cells unable to respond to overexpression of cyc 
and sqt (Gritsman et al., 1999). In contrast, activated forms of the type I receptor 
ActRIB and the transcription factor Smad2 can rescue various aspects of the oep 
phenotype (Ding et al, 1998a). In addition, overexpression of activin can induce 
dorsal mesoderm in maternal-zygotic oep mutants, indicating that Oep is not a general 
cofactor for all TGFβ signaling. These results suggest that Oep acts as an essential 
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cofactor for Nodal proteins to activate their receptors (Zhang et al., 1998; Gritsman et 
al., 1999).        
1.3.1.3 Extracellular inhibitors 
The TGFβ subfamily of Lefty factors act as antagonists of Nodal signaling (Sakuma 
et al., 2002). Unlike other TGFβ-related factors, Leftys lack the seventh cysteine 
residue known to be involved in the TGFβ dimerisation, suggesting that these proteins 
may act as monomers or non-covalent dimers. Lefty genes were initially isolated in 
mouse and both lefty1 and lefty2 are asymmetrically expressed with respect to the left-
right (LR) axis (Meno et al., 1997). In addition, lefty2 is also expressed in nascent 
mesoderm during gastrulation. Studies in zebrafish demonstrated clearly that Lefty 
proteins (also called Antivin in zebrafish) act as inhibitors of Nodal signaling 
(Bisgrove et al., 1999; Meno et al., 1999; Thisse and Thisse, 1999). Overexpression of 
lefty genes in zebrafish produces a phenotype that strongly resembles cyc;sqt double 
mutants or Mzoep mutants. The effects of lefty overexpression can be overcome by 
co-expression of cyc or sqt. Conversely, loss of Lefty function leads to enhanced 
Nodal signaling during mesododerm induction (Agathon et al., 2001; Branford and 
Yost 2002; Chen and Schier, 2002; Feldman et al., 2002; Meno et al., 1999, 2001). In 
addition, lefty gene expression follows Nodal expression temporally and spatially and 
in most tissues, lefty expression is dependent on Nodal signaling. All these results 
implicate lefty genes as feedback inhibitors of Nodal signaling (Hamada et al., 2002). 
It is still unclear how the Leftys inhibit Nodal signaling at the molecular level. In 
zebrafish, early data showed that Lefty can also block signaling by Activin, thus some 
members of Lefty family have been called Antivins for their anti-Activin properties 
  
Chapter I                                                           Introduction                                                                   25  
                                                           
(Thisse and Thisse, 1999; Cheng et al., 2000; Ishimaru et al., 2000; Tanegashima et 
al., 2000). However, recent studies at the molecular level have disputed this anti-
Activin function for Lefty and show that Lefty can antagonize Nodal signaling via 
two independent mechanisms. Lefty can interact with Nodal directly, but not Activin, 
in an EGF-CFC independent manner, thereby blocking Nodal from binding to Activin 
receptors. Furthermore, Lefty can also interact with the EGF-CFC coreceptor directly, 
and prevent its contribution to the Nodal receptor complex (Chen and Shen, 2004; 
Cheng et al., 2004; Tanegashima et al., 2004).   
1.3.1.4 Transcriptional regulators 
Activation of the Nodal signaling pathway leads to the phosphorylation of Smad2 and 
Smad3, and the Smad complex can associate with other transcription factors to 
regulate downstream genes. Until now, Smad mutants have not been identified in 
zebrafish, but mutations in transcription factors Fast1 and Mixer, which bind to the 
phosphorylated Smads complex, have been identified. These transcription factors 
exhibit site-specific DNA-binding activity and do not activate transcription in the 
absence of their association with Smads. They can form complexes with either 
receptor-activated Smad2 or Smad3 (Labbe et al., 1998; Yeo et al., 1999). In zebrafish, 
FoxH1/FAST1 is disrupted by mutations at the schmalspur (sur) locus (Pogoda et al., 
2000; Sirotkin et al., 2000). Zebrafish embryos lacking both maternal and zygotic 
fast1 (MZsur) lack a morphologically distinct organizer, similar to the loss of node 
structure seen in mouse, and show severe defects in prechordal plate, floor plate, and 
notochord (Pogoda et al., 2000). Expression of several early nodal-regulated 
mesendodermal genes is reduced in MZsur mutants, but endoderm and nonaxial 
mesoderm are largely unaffected. The shared features of sur, sqt, cyc and oep mutant 
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phenotypes support a role for fast1 in the Nodal signaling pathway (Sirotkin et al., 
2000).. Zebrafish Mixer mutants bonnie & clyde (bon) have dramatic reduction in 
endoderm formation, with the phenotype of cardia bifida and pericardial edema, but 
mesoderm induction appears largely normal in contrast to the sur phenotype (Stainier 
et al., 1996; Kikuchi et al., 2000; Pogoda et al., 2000; Sirotkin et al., 2000). 
Biochemical studies and sequence analysis indicate that Bon can serve as a binding 
partner of phosphorylated Smad2, suggesting that Bon is a component of the Nodal 
signaling pathway (Randall et al., 2002). Analysis of regulation of sur and bon by 
Nodal signaling reveals that Sur is a component of the Nodal signaling pathway, 
whereas Bon is both a component and a transcriptional target of Nodal signaling. 
Analysis of Nodal downstream genes indicates that bon and sur have both distinct and 
overlapping gene regulatory roles. Some Nodal-response genes are regulated by either 
bon or sur, and some by both bon and sur (Kunwar et al., 2003). Loss of both bon and 
sur results in a severe phenotype characterized by absence of prechordal plate, cardiac 
mesoderm, endoderm, and ventral neuroectoderm (Kunwar et al., 2003; Trinh et al., 
2003). However, the of loss of both bon and sur results in milder phenotype than 
those of cyc;sqt double mutants or Mzoep mutants, indicating that there are additional 
Smad-associated transcriptional factors that act as components of the Nodal signaling 
pathway.    
1.3.2 Roles of Nodal Signaling Pathway in Patterning of Zebrafish Embryos  
1.3.2.1 Mesoderm and endoderm specification 
 During the first 10 hours after fertilization, zebrafish embryos undergo rapid 
development and morphogenetic changes, generating the basic body plan with three 
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germ layers: ectoderm, mesoderm and endoderm. Fate mapping analysis in zebrafish 
has shown that the precursors of the different germ layers are arranged along the 
animal-vegetal axis, with ectoderm located animally, mesoderm more marginally, and 
endoderm together with mesoderm, at the margin itself.  Precursors for different 
mesodermal cell types are arranged along the dorsal-ventral axis with dorsal 
corresponding to the site of the shield. Axial mesoderm cells located most dorsally 
will give rise to notochord and prechordal plate; paraxial mesoderm cells located 
more laterally will develop into trunk somite; intermediate mesoderm and LPM cells 
located more distant from the shield will give rise to blood and pronephros. Precursors 
for endodermal cell types are also located in different positions along the dorsal-
ventral axis, with pharynx progenitor cells located most dorsally, and stomach, 
intestine, and liver progenitor cells located more laterally and ventrally (Kimmel et al., 
1990; Warga and Nusslein-Volhard, 1999).  
Gene expression analyses in zebrafish have shown that the Nodal signaling pathway 
plays a central role in induction of mesoderm and endoderm formation. In zebrafish, 
both cyc and sqt are expressed in the margin (prospective mesendoderm) by late 
blastula, and sqt is expressed in the yolk syncytial layer (YSL), a source of 
mesoderm-inducing signals (Sampath et al., 1998; Feldman et al., 1998; Schier and 
Talbot 2001). Overexpression of cyc and sqt induce both mesoderm and endoderm 
(Gristman et al., 2000).  Conversely, the loss of both cyc and sqt results in the loss of 
all endoderm and head and trunk mesoderm, including notochord, heart, kidney, 
blood, liver, pancreas, and gut (Feldman et al., 1998; Gritsman et al., 1999). 
Furthermore, in cyc;sqt double mutants, the expression of many early mesodermal 
markers in the margin and the involution of marginal cells at gastrulation are lost or 
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reduced. This indicates that Nodals are required for the earliest steps in 
mesendodermal specification. Similar effects on mesendodermal development can be 
seen using Nodal feedback inhibitors. Blocking lefty1 and lefty2 function in zebrafish 
causes the formation of an expanded domain of mesendoderm progenitors and an 
enlarged germ ring (Agathon et al., 2001; Chen and Schier, 2002; Feldman et al., 
2002). Observations from fate mapping studies also reveal that Nodal signaling acts 
before gastrulation to specify the progenitors for mesoderm and endoderm. In 
zebrafish embryos, blastula dorsal marginal cells normally give rise to notochord and 
prechordal plate. However, in cyc;sqt double mutants or MZoep mutants, these cells 
give rise to hindbrain and midbrain fates. On the ventral side of cyc;sqt or MZoep 
mutants, cells that should give rise to blood or pronephros give rise to tail fate 
(Carmany-Rampey and Schier, 2001). 
The function of Nodal in inducing mesoderm and endoderm raises the interesting 
question on the mechanism whereby Nodals pattern the embryo. Studies in zebrafish 
and also in other vertebrates reveal that Nodals have important properties: form 
gradients to function as morphogens, and in feedback regulation. 
1.3.2.1.1 Nodals can act as morphogens 
Morphogens are long-range signaling molecules that are proposed to organize tissue 
patterning in animals. The activity of a morphogen decreases gradually as a function 
of its distance from the source. The morphogen induces cells to take on different fates 
according to their position. In zebrafish, both nodal genes cyc and sqt are expressed 1-
3 cell diameters closest to the margin, whereas mesendodermal progenitors are found 
in up to 10 cell diameters away from the margin (Figure 1.5). Combined with the 
observation that Nodals are secreted ligands, it raises the question as to whether 
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Nodals act as morphogens to induce mesendoderm. The mesendoderm marker 
bhikhari (bik) is normally expressed 6-10 cell diameters away from the margin. 
However in sqt mutant, bik is expressed only in the first few cell diameters away from  
the margin. The expression of bik is completely lost in cyc;sqt double mutants, but the 
absence of cyc does not initially affect the extent of bik expression. Moreover, 
misexpression analysis show that ectopic clones of Sqt-expressing cells can induce 
downstream genes in distant cells autonomously, in contrast to Cyc-expressing clones 
which can only induce downstream genes at a short range (Figure 1.5) (Chen and 
Schier, 2001; Chen and Schier, 2002). In addition, when sqt was overexpressed in 
MZoep mutants and then several wild type cells were transplanted at a distance to the 
sqt-expressing cells, the wild type cells in MZoep expressed the downstream 
mesendoderm marker no tail (ntl) in response to a distant source of Sqt. This suggests 
that, Sqt can be made in nonresponding cells and apparently move through a field of 
nonresponding cells to activate gene expression in distant cells. The above two 
observations indicate that the long-range effect of Sqt is direct and not mediated via a 
relay mechanism (Chen and Schier, 2001). The mutants analysis also show that 
although cyc and sqt have different signaling range, both of them can induce most 
mesendoderm derivatives on their own (Dougan et al., 2003; Feldman et al., 1998; 
Heisenberg and Nusslein-Volhard, 1997. cyc;sqt double mutants lack all head and 
trunk mesoderm and endoderm, but cyc mutants display only minor defects in 
prechordal plate formation, while sqt have mild defects in axial mesoderm and 
endoderm formation. Hence, in zebrafish both short- and long-range Nodals play 
important roles in mesoderm and endoderm formation (Schier 2003).  
1.3.2.1.2 Different levels of Nodal signaling induces different cell types 
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Nodal signaling not only generates the mesoderm, but also specifies several different 
cell types. One idea is that there is a gradient of Nodal signaling activity at the margin, 
which finely patterns the mesoderm and endoderm precursors. Mutant analyses and 
fate mapping studies in sqt/sqt and sqt/sqt;cyc/+ embryos found that different 
amounts of Nodal signaling pattern the mesoderm, with dorsal mesoderm requiring 
higher levels of Nodal function than ventral and lateral regions. The specification of 
endoderm also requires high levels of Nodal signaling (Dougan et al., 2003; 
Alexander and Stainier, 1999; Rodaway et al., 1999; Schier et al., 1997). All the 
analyses suggest that there might be a Nodal activity gradient along the animal-
vegetal axis, with the highest levels at the margin inducing endoderm, prechordal 
plate and ventricular progenitors, lower levels inducing notochord and other 
mesododermal fates. The absence of Nodal signaling allows neural and tail 
specification (Gritsman et al., 2000; Thisse et al., 2000). Manipulation of the duration 
of Nodal signaling is sufficient to modify the anterior-posterior character of 
mesododermal derivatives, suggesting that duration of signaling may also be an 
important variable in axial patterning (Gritsman et al., 2000). Taken together, these 
observations show that Nodal signaling induces different cell fates via the generation 
of temporal and spatial gradients. 
1.3.2.1.2 Feedback regulation in mesoderm induction 
One of the most broadly conserved features of Nodal signaling is its ability to 
autoregulate its activity through positive and negative feedback loops. In zebrafish, 
Fast1-mediated positive autoregulation is not necessary for the normal spatial spread 
of cyc and sqt expression in the early margin, but is required for maintaining the 
duration of cyc and sqt expression through gastrulation (Pogoda et al., 2000). In 
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contrast, negative feedback by the Lefty family can regulate the range of Nodal 
signaling during mesoderm and endoderm induction. On one hand, in the absence of 
lefty-related genes, sqt expression extends animally away from the margin and is 
maintained for a longer time than in wild type. This suggests that Lefty can inhibit 
Nodal-positive autoregulation, thus limiting the generation of more Nodal (Chen and 
Schier, 2002; Meno et al., 1999, 2001). On the other hand, ectopic expression of lefty 
genes at the animal pole blocks Nodal signaling at the margin of the zebrafish 
embryos. Moreover, depletion of lefty genes extends the range of sqt activity. This 
suggests that Lefty can act as a long-range molecule to inhibit Nodal signaling at 
distant cells (Branford and Yost, 2002; Chen and Schier, 2002). Studies at the 
molecular level also show that in the LPM, where lefty and nodal are coexpressed, 
Lefty proteins could antagonize Nodal signaling specifically and efficiently by 
blocking EGF-CFC coreceptor activity and also by directly interacting with Nodals 
(Cyc and Sqt in zebrafish). In addition, Nodal can potentially signal at long-range (Sqt 
in zebrafish), such as from the left lateral mesoderm towards the axial midline, Lefty 
can also act at a long-range to interact with Nodals themselves (Chen and Shen, 2004; 
Cheng et al., 2004).  
Based on above analyses, Schier proposed a model for zebrafish mesoderm and 
endoderm induction, which combines these important aspects of Nodal: morphogen, 
gradient and feedback regulation (Chen and Schier, 2001). The sqt and cyc genes are 
transcribed in cells closest to the margin, leading to the local generation of Sqt and 
Cyc proteins. Sqt can move away from the source and induce mesoderm and 
endoderm in cells at a distance. In contrast, Cyc acts only at a short range in the 
margin region. Cells in the dorsal margin receiving the highest level of Nodal  
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Figure 1.5 Model of mesendoderm induction in zebrafish. 
The levels and the interaction of the Nodal signals Sqt and Cyc with antagonists 
Leftys determine the extent of mesendoderm progenitors (yellow) at the onset of 
zebrafish gastrulation. These secreted factors are expressed close to the margin (red 
square). Sqt is a long-range activator, Leftys are long-range inhibitors, and Cyc is a 
short-range activator. Cross- and auto- regulatory interactions control the expression 
of sqt, cyc and leftys. Also, prechordal plate cells are found in the marginal-most cells 
on the dorsal side; notochord progenitors are found further away from the dorsal 
margin (Adapted from review by Schier, 2003). 
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signaling will form prechordal plate progenitors, whereas cells away from the margin 
that receiving low level of Nodal signaling will form notochord and other mesoderm 
and endoderm derivatives. Nodal signaling also induces the expression of leftys, 
which block the Nodal signaling pathway both locally to restrict the expression of cyc 
and sqt and at a distance to restrict the response to Sqt. Therefore, the gradient of 
Nodal signaling, in combination with the kinetics of Sqt and Lefty production, 
movement and autoregulation determines the extent of mesoderm and endoderm 
formation in zebrafish (Figure 1.5) (Schier, 2003).        
1.3.2.2 Left-right axis formation 
The Nodal signaling pathway has also been implicated in the specification of left-right 
asymmetry. In zebrafish, the nodal genes cyc and spaw are expressed in the left LPM, 
whereas oep and sur are expressed bilaterally (Sampath et al., 1998; Long et al., 2003; 
Zhang et al., 1998; Pogoda et al., 2000; Sirotkin et al., 2000). Nodal signaling is not 
required for the asymmetric developmet of organ, but it controls the laterality of 
asymmetry. For example, in the zebrafish diencephalon, the parapineal organ is 
normally located on the left. In cyc mutants, half of mutants have the right-side 
located parapineal (Concha et al., 2000). For the visceral organ, cyc mutations have 
small effects on the left-right asymmetry (Bisgrove et al., 2000; Chen et al., 1997; 
Chin et al., 2000), mutations in oep and sur and knock-down of spaw lead to either 
loss or randomization of visceral organ asymmetries (Yan et al., 1999, Chen et al., 
1997; Long et al., 2003). 
Asymmetric Nodal signaling activates transcription of conserved downstream 
antagonists (Lefty) and conserved downstream effectors (Pitx2) that are also 
expressed in the left side of the embryos (Hamada et al., 2002; Wright, 2001). It is 
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still unclear how these left-expressed genes are activated. Recent studies show that 
Notch signaling might be involved in the left-right patterning. Based on studies in 
mouse, it is thought that Notch signaling induces Nodal expression in the mouse node; 
and Notch in the node is required for Nodal expression in the left LPM (Krebs, et al., 
2003).      
1.3.2.3      Neural patterning 
In mutants in Nodal signaling, the neural tube forms despite the absence of 
mesendodermal derivatives. This suggests that despite abnormal development of the 
organizer region and the lack of axial mesoderm, neuralizing activity is still present in 
the affected embryos. While neuralization is not dependent on Nodal signals, anterior-
posterior neural patterning in the zebrafish nervous system is in part controlled by 
Nodal signaling (Schier and Talbot, 2001). Mutations in cyc and partial loss of oep 
lead to the absence of medial floor plate and ventral forebrain, and result in cyclopic 
embryos (Hatta et al., 1991; Schier et al., 1997; Strahle et al., 1997b). Chimera 
experiments have shown that some of these defects are not caused indirectly by 
defects in the development of the underlying axial mesoderm or endoderm, but by a 
direct requirement for Nodal signaling in neural cells. Moreover, cyc;sqt double 
mutants lose the trunk spinal cord, but the tail spinal cord is still present. This 
suggests that Nodal signals promote the development of trunk neural identity. In 
contrast, expression of forebrain markers is expanded in cyc;sqt and MZoep mutants 
and in embryos overexpressing antivin (Gritsman et al., 2000; Feldman et al., 2000; 
Shimizu et al., 2000; Sirotkin et al., 2000; Thisse et al., 2000). In turn, ectopic 
expression of Nodal signals in the animal region converts cells in the forebrain fate 
map domain towards dorsal mesoderm or hindbrain (Erter et al., 1998; Feldman et al., 
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1998; Rebagliati et al., 1998, Sampath et al., 1998; Gritsman et al., 1999, 2000; Thisse 
et al., 2000). These results suggest that forebrain development is dependent on Nodal 
signaling.    
1.4 INDUCTION AND FUNCTION OF THE FLOOR PLATE 
Over the past several decades, a lot of effort has been directed towards understanding 
the process of neurulation, one of the most important steps during vertebrate 
embryonic development.  Neurulation includes the induction of the neural plate and 
the formation of the neural tube, the rudiment of the central nervous system (CNS). 
The anterior portion of the neural tube gives rise to the brain, and the more posterior 
parts give rise to the spinal cord, a simple and conserved region in the vertebrate CNS. 
At early stages in the development of the spinal cord, three major classes of cells are 
generated in the ventral neural tube: floor plate cells at the ventral midline, motor 
neurons at ventrolateral positions, and interneurons at more dorsal locations. The 
dorsal neural tube initially gives rise to neural crest cells, and subsequently, to roof 
plate cells, commissural neurons, and several classes of dorsal sensory relay 
interneurons.  Despite the complexity of the vertebrate CNS, detailed studies of the 
individual cell types that comprise the neural tube have advanced our understanding 
of how diversity and pattern is generated. 
1.4.1 The Floor Plate – A Transient Structure in the Central Nervous System 
Which Forms During Neurulation 
At early stages of neural tube development, cells of the floor plate, an epithelial 
structure located in the ventral midline of the neural tube, are among the first to 
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differentiate soon after neural plate formation (Figure 1.6). Morphologically, the floor 
plate is made up of columnar ependymal cells, recognizable by their characteristic 
wedge-shaped appearance, that span the width of the neural tube. The analyses of 
gene expression patterns within the ventral neural tube indicates that the group of 
floor plate cells is heterogeneous and includes two distinct cell populations, the 
medial floor plate (MFP) and the lateral floor plate (LFP) (Schauerte et al., 1998; 
Odenthal, et al., 2000; Charrier et al., 2002).    In zebrafish spinal cord, the floor plate 
(including LFP and MFP) is a 3- to 4-cell wide row. In higher vertebrates, this group 
of cells is about 15-20 cells wide in day 11-12 rat embryos (Placzek et al., 1993). 
Along the embryonic body axis, the floor plate extends through the midbrain into the 
caudal forebrain and ends near the mammillary region of hypothalamus. In zebrafish, 
the floor plate extends from the spinal cord through the hindbrain and midbrain but 
not apparently into the caudal forebrain (Klar et al., 1992; Matsui et al., 1990; Puelles 
et al., 1987; Ruiz i Altaba et al., 1993; Sasaki and Hogan, 1993).  
1.4.2 The Functions the Floor Plate are Mediated by Shh 
The floor plate acts as a transient embryonic organizing center and as a source of 
signals that pattern adjacent cells.  The activities of the floor plate are critical for the 
proper development of the CNS.  For instance, a functional floor plate is required for 
the organization of axons in the CNS, the induction and differentiation of motor 
neurons, and the regulation of cell differentiation along the dorso-ventral axis of the 
neural tube (Colamarino and Tessier-Lavigne, 1995; Varela-Echavarria et al., 1997; 
Pfaff and Kintner, 1998). 
The main signaling activities of the floor plate and notochord are mediated by the  
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Figure 1.6 Schematic views of floor plate position in the neural tube.  
(A) Structures formed during embryogenesis. Early embryogenesis is characterized by 
a series of morphogenetic movements, known as gastrulation, which establish the 
three primary germ layers – the ectoderm, mesoderm and endoderm. At the end of this 
process, the mesoderm (the future muscle and bone) comes to rest sandwiched 
between the ectoderm (the future nervous system and skin) on the outside of the 
embryo, and the endoderm (the future gut) on the inside. (B)Transverse section 
through the neural tube shows the position of notochord (N) and floor plate (FP) at 
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secreted protein Sonic hedgehog (Shh) (Patten and Placzek, 2000). In vertebrates, Shh 
is expressed highly in the floor plate and notochord, suggesting it likely plays a key 
role in motor neuron differentiation (Echelard et al., 1993; Krauss et al., 1993; 
Roelink et al., 1994; Yamada et al., 1993).  Explants of the floor plate or the 
notochord have been shown to induce the ectopic expression of motor neuron markers 
in chick. This activity is mimicked by recombinant Shh protein and blocked by 
antibodies against the Shh protein (Marti et al., 1995).  In addition, loss-of–function 
mutations in the mouse shh locus result in the complete lack of expression of the 
motor neuron marker, Islet1 (Chiang et al., 1996). These experiments indicate that in 
chick and mouse, Shh derived from the floor plate and notochord is both sufficient 
and necessary for motor neuron development (Figure 1.7). In zebrafish, motor neuron 
differentiation is slightly different from that described in amniotes. Unlike amniotes, 
which possess a single hedgehog homolog, shh, zebrafish expresses two additional hh 
genes in different subsets of the amniote shh expression domain, during the time when 
motor neurons are likely to be specified, including tiggywinkle hedgehog (twhh) and 
echidna hedgehog (ehh) (Ekker et al., 1995; Currie and Ingham, 1996). Genetic and 
cell biology studies involving a direct or indirect reduction of all three Hh signals and 
antisense morpholinos suggest that Shh, Twhh and Ehh can all act redundantly to 
specify motor neurons, indicating that zebrafish motor neuron differentiation also 
does require Hh signaling (Lewis and Eisen, 2001).   
In addition to its role in motor neuron specification, studies have also demonstrated 
that Shh functions in the formation of ventral neural tube cell types at all rostrocaudal 
levels (Ericson et al., 1995; Pringle et al., 1996; Shimamura and Rubenstein, 1997). In 
the prospective spinal cord and hindbrain, the action of Shh promotes the  
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Figure 1.7 Gradient model for the induction of ventral cell types by increasing 
concentrations of Shh protein. 
The concentration of Shh required inducing specific ventral cell types in vitro 
correlates directly with their dorsal-ventral position in vivo. Proposed gradient of Shh 
signal moving from its sources of expression in the ventral neural tube and notochord 
is shown on the left. LF, floor plate; MN, motor neurons; V0-V3, different classes of 
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differentiation of a variety of ventral interneurons and oligodendrocytes (Ericson et al., 
1997; Orentas et al., 1999). These groups of neurons will function in the adult in the 
direct regulation of motor function, and in the integration of sensory information. In 
the prospective midbrain and hindbrain regions, Shh is involved in the induction of 
dopaminergic and serotonergic neurons. These neurons later have roles in both 
regulation and higher-level control of movement, and are directly implicated in 
movement disorders such as Parkinson’s disease and a variety of psychiatric 
conditions (Yamada et al., 1991; Hynes et al., 1995a; Hynes et al., 1995b; Ye et al., 
1998).  
How can a single factor induce the differentiation of such diverse range of cell types? 
Evidence derived from in vitro studies suggest that Shh acts as a morphogen, forming 
a gradient in the ventral neural tube, in response to which cells differentiate in a 
concentration-dependent fashion (Patten and Placzek, 2000). Neural explants that are 
exposed to two-fold incremental increases in Shh concentration differentiate into 
specific ventral cell types in a concentration-dependent manner. The highest 
concentration of Shh induces ventral midline cells, while lower concentrations induce 
cell types found in vivo that are located further away from the notochord and ventral 
midline (Patten and Placzek, 2000) (Figure 1.7). 
1.4.3 The Origin of the Floor Plate 
Located at the ventral-most part of the vertebrate neural tube, and serving as a 
signaling center to control the regional differentiation of neurons in the CNS, the floor 
plate has attracted much interest on its origins and the mechanisms that control its 
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development. Recent work from chick, chick-quail chimeras, mouse and zebrafish has 
led to two different models for how floor plate arises. 
1.4.3.1 Model one: Shh-mediated induction of floor plate by notochord 
During the process of neurulation in vertebrate embryos, two successive steps can be 
distinguished. The first consists of the determination of two domains in the 
presumptive ectoderm: a ventral domain fated to become the epidermis, and a dorsal 
domain from which the primordium of the nervous system will develop. The second 
step involves morphogenetic transformations. The ectoderm, which is committed to a 
neural fate, forms a neural tube. Subsequently, neuronal and glial differentiation takes 
place. Studies in amphibian embryos have shown that the critical event through which 
neurogenesis is initiated is the involution of notochordal material through the dorsal 
blastoporal tip during gastrulation. The notochord, an axial mesoderm structure which 
lies immediately below the neural tube, has been suggested as a signaling source for 
several critical events in early development. Its presence during embryonic 
development is a definitive feature of the chordate phylum. The notochord is one of 
the earliest embryonic structures to be formed, and functions as a support structure for 
the entire organism, either transiently (in higher vertebrates) or continuously (in some 
lower vertebrates).  The notochord is formed during gastrulation and neuralation. This 
process includes the elongation of a distinct population of cells located in the late 
blastoporal lip from the rostral to caudal end of the embryo.  This group of cells has 
been designated as the ‘chordoneural hinge’ (CNH), also known as the Hensen’s node 
in amniotes.  The notochord emerges from Hensen’s node of the chick and the mouse, 
the blastopore lip of the amphibian embryos and the shield of the zebrafish embryos 
  
Chapter I                                                           Introduction                                                                   42  
                                                           
(Wilson and Beddington. 1996; Nievelstein et al., 1993; Kanki and Ho, 1997). 
In the chick embryos, Hensen’s node is a structure that represents the organizer region 
(Waddington, 1932).  It undergoes a characteristic rostro-caudal movement known as 
“regression”, which takes place as the embryos elongate along the anteroposterior axis.  
The notochord is derived from Hensen’s node. The floor plate is also derived, in part, 
from cells within Hensen’s node, although a major contribution for the floor plate is 
from cells in a region of the epiblast (termed region A) immediately anterior to 
Hensen’s node prior to its regression. Unlike the Hensen’s node, region A cells do not 
contribute to the notochord (Schoenwolf et al., 1989a; Schoenwolf et al., 1989b; 
Schoenwolf et al., 1992; Selleck and Stern, 1991). As Hensen’s node regresses 
posteriorly during gastrulation, cells that are laid down at the midline will form the 
notochord. Concurrently, region A cells which stream posteriorly and populate the 
midline of the neural tube over the newly formed notochord will form the floor plate. 
Notochord grafts placed next to the neural tube can induce the morphological, 
antigenic and functional properties of the floor plate in adjacent neural cells (van 
Straaten et al., 1988; Smith and Schoenwolf, 1989; Schoenwolf et al., 1992; Placzek 
et al., 1990). Other ventral neural cell types, including motor neurons, also 
differentiate ectopically in response to notochord grafts (Ericson et al., 1992).  
Conversely, floor plate cells and motor neurons do not develop in the absence of the 
notochord in chick, and also in Xenopus (Clarke et al., 1991; Hirano et al., 1991; van 
Straaten and Hekking, 1991; Ruiz i Altaba, 1992). 
During vertebrate embryogenesis, one of the major strategies by which generation of 
diverse cell types is achieved is through inductive interactions, in which signals from 
one group of cells control the fate of adjacent cells (Gurdon, 1992; Jessell and Melton, 
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1992). The induction of the floor plate at the ventral midline of the neural tube is one 
of the early events in the establishment of D/V polarity in the vertebrate CNS (Ruiz i 
Altaba et al., 1993). The cells in region A, which are destined to populate the floor 
plate, exhibit convergent-extension movements similar to those displayed by cells of 
Hensen’s node (Schoenwolf et al., 1989a). However, region A cells neither express 
definitive floor plate markers, such as HNF-3β, an indicator of early floor plate 
differentiation, nor acquire floor plate properties when grown in isolation (Ruiz i 
Altaba et al., 1995; Placzek, 1995). Thus, the differentiation of these anterior cells 
into floor plate appears to take place outside the node, and at a later developmental 
stage, following exposure to inductive signals from notochord (Schoenwolf and 
Sheard, 1990).  
The secreted molecule, Shh, has been shown to be both necessary and sufficient for 
this important process. Shh is expressed initially by cells in the node, and later by 
axial mesodermal cells, the notochord, and finally by floor plate cells themselves.  
Gain-of-function genetic studies have shown that ectopic Shh signaling can lead to the 
ectopic differentiation of floor plate and other ventral cells from neural precursors 
both in vivo and in vitro (Rowitch et al., 1999). In addition, loss-of-function studies 
show that activation of Shh signaling through the use of antibodies against SHH 
protein or by the targeted inactivation of shh gene leads to failure of floor plate 
differentiation. In mouse, three kinds of mutations have been shown to block floor 
plate development without affecting the specification of notochord cells. Firstly, 
mutations in shh gene itself block floor plate differentiation. However, the notochord 
of Shh-null mice appears to initially develop normally (Chiang et al., 1996). The 
second evidence is that mutations in the mouse zinc-finger transcription factor gene 
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Gli2, a key intracellular mediator of Shh signaling, also block floor plate formation 
without affecting the expression of Shh in the notochord (Matise et al., 1998; Ding et 
al., 1998b). The third set of mutations, in the PS1 and PS2 Presenilin genes, also 
block floor plate differentiation at spinal cord levels while leaving Shh expression in 
the notochord intact (Donoviel et al., 1999). Together, these experiments suggest that 
while the molecular pathways of floor plate and notochord differentiation are 
separable, Shh signaling from the notochord is able to induce floor plate 
differentiation, and is necessary and sufficient for this process.  This induction is 
thought to depend on the establishment of a concentration gradient of Shh along the 
dorso-ventral axis of the neural tube. Every 2-3-fold increase in Shh concentration 
leads to the differentiation of a more ventral neural cell type and the most ventral cell 
type, the floor plate, requires the highest levels of Shh (Figure 1.7). 
 However, classical embryological experiments where the notochord was removed at 
different stages of the development in the amphibian and chick embryos showed that 
late stages of floor plate differentiation could occur independently of the notochord.  
Observations from grafting studies in chick also support the ability of the floor plate 
to induce floor plate differentiation (Placzek et al., 1991).  In zebrafish, wild-type 
cells introduced into the neural plate of cyc mutant embryos are able to confer floor 
plate fates in adjacent mutant cells (Hatta et al., 1991).  Combining these observations 
with the notochord function in floor plate induction, one model proposed suggests that 
the induction of the floor plate includes vertical induction and homeogenetic 
induction.  The induction of the floor plate occurs primarily after neural tube closure. 
The ventral neural tube patterning occurs in response to contact-mediated and 
diffusible signals derived first from the notochord and then from the floor plate. The  
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Figure 1.8 Vertical induction and homeogenetic induction models for floor plate 
formation.  
Contact-dependent and contact-independent signals pattern the neural tube and induce 
floor plate. (A) Early inductive signals from notochord. Notochord is in contact with 
neural tube. (B) Late inductive signals from notochord and floor plate. Notochord is 
separated from neural plate. (C) Lateral view of the neural tube shows that floor plate 
can induce additional floor plate cells through a contact-dependent signal by 
homeogenetic induction. Contact-dependent signals are shown with blue arrows and 
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notochord is the source of both contact-dependent and contact-independent signals. 
Cells immediately above the notochord receive both types of signals and form the 
floor plate, while those positioned more laterally receive only the diffusible signals 
and form motor neurons. At later stages, the floor plate moves apart from the 
notochord and becomes the other signaling center that can pattern the neural tube. 
Like the notochord, the cells of the floor plate can induce additional floor plate cells 
through a contact-dependent signal, and motor neurons and other ventral cell types via 
long-range diffusible factors (Smith, 1993; Smith, 1994; Dodd et al., 1998; Placzek et 
al., 2000) (Figure1.8). 
1.4.3.2 Model two: floor plate formation occurs independent of the notochord 
1.4.3.2.1 Node/organizer: the common source of floor plate and notochord 
precursors 
Chick-quail chimeras have provided a good model system for generating high-
resolution fate maps at critical stages of early development to study the patterns of 
displaced cells. Fate maps of the avian blastoderm, using fluorescently labeled grafts 
and antibodies specific for grafted cells at intermediate primitive-streak stages (which 
later becomes Hensen’s node), show the patterns of cell displacements that occur 
during progression of the primitive streak. Fine fate-mapping results show that the 
future floor plate of the neural tube arises exclusively from a midline, circumscribed 
area just rostral to the primitive streak (Cr).  As floor plate cells originate rostral to the 
primitive streak, they become incorporated into its cranial end during primitive streak 
progression. The rostral end of the primitive streak itself contributes cells to the 
notochord. Thus, in embryos at stage 3 and 4, the rostral end of the primitive streak  
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Figgure 1.9 Schematic representation of the rostro-caudal movement of Hensen’s 
node (HN). 
 Hensen’s node cells (blue) bisect the superficial layer of the sinus rhomboidalis 
which will become the alar plate of the spinal cord. Later on, the bulk of Hensen’s 
node becomes segregated into three layers: the floor plate, the notochord and the 
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(Hensen’s node) contains cells of both the prospective notochord and the prospective 
floor plate of the neural tube (Lopez-Sanchez et al., 2001). Cell lineage studies of 
chick Hensen’s node using chick-quail chimeras in 6-somite stage embryos show that 
Hensen’s node appears as a median depression situated in the middle of the sinus 
rhomboidalis at this stage. Replacement of the node and the underlying endoderm at 
this stage in chick by the quail counterpart demonstrates that during its rostro-caudal 
regression, the node material becomes inserted into the extending embryonic axis, 
forming the future floor plate dorsally in the neural plate, and the notochord ventrally. 
Thus, in the node around newly formed axis, notochord and floor plate rudiments are 
intimately associated. Afterwards, the two cell types become separated by a basement 
membrane. The notochord shifts caudally relative to the floor plate, accounting for the 
different rostral levels of the graft-derived notochord and floor plate. Thus, Hensen’s 
node is the structure containing the midline precursor cells of floor plate and 
notochord, as well as dorsal endoderm (Catala et al., 1996; Catala et al., 1995; Teillet 
et al., 1998; Le Douarin and Halpern, 2000) (Figure 1.9). 
In zebrafish, another very good vertebrate model system, cell lineage analyses at the 
onset of gastrulation suggest that zebrafish also possess a midline precursor cell 
population in the embryo shield, a structure similar to the chick Hensen’s node 
(Melby et al., 1996; Shih and Fraser, 1995). By this stage, cells of the organizer 
region have already been specified to develop into particular tissue types and are 
under the control of zygotically expressed genes. Evidence from the study of 
zebrafish mutants provides further support for this suggestion.  A number of genes 
with defects in midline structures or signaling have been identified. Mutations in the 
floating head (flh) and no tail (ntl) genes result in embryos that lack notochord, but 
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patchy floor plate cells are detected in flh mutant embryos, and a wider floor plate can 
be observed in ntl mutant embryos (Talbot et al., 1995; Halpern et al., 1993). The 
ntl/Brachyury gene encodes a T-box transcription factor that is expressed in the 
rudiments of both the notochord and the tail, and is essential for proper development 
of both domains (Halpern et al., 1993; Kispert and Herrmann, 1993; Kispert et al., 
1995a; Kispert et al., 1995b; Conlon et al., 1996; Wilkinson et al., 1990; Smith et al., 
1991; Schulte-Merker et al., 1994).  Fate mapping in ntl mutant embryos using caged 
fluorescein dextran shows that the cells in the wider floor plate originate from a 
midline precursor population, and that ntl function is required during early 
gastrulation in cells that normally make notochord to repress floor plate and promote 
notochord fates (Amacher et al., 2002). Even more intriguing mutants in zebrafish for 
the studies of floor plate induction are mutations affecting cyc and its co-receptor oep. 
In these two mutants, floor plate cells are missing even though the notochord is 
present. Floor plate cells can be restored in cyc mutants when cyc+ RNA is over-
expressed in early embryos (Muller et al., 2000). The cyc mutant phenotype is much 
like shh mutant in mouse, suggesting that similar to the function of shh gene in the 
induction of floor plate in mouse, Cyc/Nodal signaling is required for floor plate 
specification at early gastrulation in zebrafish.  Analyses of Shh promoter in zebrafish 
have also identified elements that are responsive to Cyc/Nodal signaling (Muller et al., 
2000). Therefore, similar to the studies in chick-quail chimeras, floor plate 
specification in zebrafish commences at gastrulation, and this process is independent 
of notochord development. 
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1.4.3.2.2 Where the floor plate cells are induced: functional domains within 
Hensen’s node 
Studies in Hensen’s node include the analysis of gene expression in different domains, 
the distinct cell morphologies and arrangement of cells in the node, and excisions and 
grafts of Hensen’s node sub-regions at the 5-6 somite-stage chick-quail chimeric 
embryos. All these studies indicate that Hensen’s node is made up of three distinct 
functional domains, along the rostro-caudal axis. A caudal region, designated as zone 
a (also termed as region A), comprises of cells of the presumptive floor plate, and is 
composed of epithelial cells closely apposed to more ventral cells that are organized 
randomly and are in continuity with the already individualized notochord. These two 
cellular compartments are separated by a discrete basement membrane.  Zone b lies in 
the median pit, where the future floor plate and notochord domains are recognizable 
but not yet delaminated.  Zone c includes the extreme caudal tip of the node and 
contains cells that are randomly distributed. Graft experiments using chick-quail 
chimeras have demonstrated that the floor plate and notochord are derived from a 
common group of cells present in zone b and c of Hensen’s node.  These cells are 
responsible for the formation of midline structures along the whole neural axis from 
the diencephalon down to the tail end.  Cells of zone c seem to function as stem cells 
since they form the whole length of this midline structure without addition of cells 
from more lateral regions of the embryo during the process of node regression 
(Charrier et al., 1999; Le Douarin, 2001) (Figure 1.10).  
1.4.3.2.3 The different origins of medial floor plate (MFP) and lateral floor 
plate (LFP) 
In zebrafish, the floor plate is comprised of a three-cell wide row, which consists of a  
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Figure 1.10 The bipotential precursor model for midline cell development. 
The distribution of the three cellular areas forms Hense’s node. In this model, zone c 
has a pool of stem cells with a bipotential fate, which can yield both floor plate (FP) 
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single row of cells called the medial floor plate (MFP) flanked on each side by either 
one or two additional rows of LFP cells. Although it is broader than that of in 
zebrafish, floor plate in mouse and chick can also be subdivided into a medial and 
lateral domain (Charrier et al., 2002). MFP and LFP can be distinguished by the 
differential expression patterns of a number of genes. In zebrafish, foxA2 
(axial/HNF3B) and fkh4 are expressed in both MFP and LFP. netrin1, shh, twhh, 
collagen2a1 (col2a1) fkd7  are only expressed in MFP (Strahle et al., 1997a; Krauss et 
al., 1993; Strahle et al., 1996; Ekker et al., 1995; Yan et al., 1995; Odenthal and 
Nusslein-Volhard, 1998; Strahle et al., 1993).  The nkx2.2 is only expressed in the 
LFP (Barth and Wilson, 1995). Genetic analysis has shown that embryos with 
mutations in the zebrafish shh gene, sonic-you (syu), unlike mouse shh mutants, do 
form MFP cells and motor neurons, but lack LFP cells (Schauerte et al., 1998). 
Similarly, MFP is not abolished by mutations in you-too (yot), the zebrafish 
homologue of mouse Gli2 (Karlstrom et al., 1999), or slow-muscle-omitted (smu), the 
zebrafish homologue of smoothened, which encodes the trans-membrane receptor for 
Shh (Chen et al., 2001; Varga et al., 2001). In zebrafish, three hedgehog genes are 
expressed in the midline. Shh is expressed in the notochord, the MFP, the ventral 
midline of the brain and the posterior fin bud of embryo; twhh expression is restricted 
to the MFP and the ventral midline of the brain during early somitogenesis, and ehh is 
expressed in the notochord exclusively (Krauss et al., 1993; Ekker et al., 1995; Currie 
and Ingham, 1996).  Inhibition of Hh expression or signaling by pharmacologic 
interference using the pan-Hh inhibitor, cyclopamine (Neumann et al., 1999) or by 
antisense morpholino-mediated knock-down approaches does not inhibit 
differentiation of MFP in 24 hours post fertilization (hpf) embryos (Neumann et al., 
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1999; Etheridge et al., 2001; Nasevicius and Ekker, 2000). Thus, the Hh signaling 
pathway seems to be neither required nor sufficient for the induction of MFP.  
However, Shh is necessary for the formation of LFP (Schauerte et al., 1998).  
Mutations that affect the Nodal signaling pathway, cyc and oep, lack MFP and lack 
expression of MFP marker genes (shh, twhh, netrin1 and F-spondin) at 24hpf. The 
LFP and notochord are formed and shh mRNA is transcribed in both cyc and oep 
mutants. This suggests that MFP differentiation is dependent on Nodal signaling 
(Hatta et al., 1991; Rebagliati et al., 1998; Sampath et al., 1998; Schier et al., 1997; 
Zhang et al., 1998; Gritsman et al., 1999). However, studies in the cyc mutant 
embryos at later stages (48hpf) have shown that MFP markers (netrin1, shh and F-
spondin) are expressed in the posterior body axis of the mutant embryos, and require 
intact Shh signaling (Albert et al., 2003). This delayed differentiation of cells 
expressing MFP-specific genes in the cyc mutant embryos suggests an involvement of 
Hh signaling for the MFP induction during late stages.  Early data have shown that 
inhibition of Hh signaling by knock-down, inhibitor expression, or genetic lesions can 
cause defects in MFP-specific gene expression in the embryos of stages older than 1 
day (Chen et al., 2001; Varga et al., 2001). Thus, the late function of Hhs is 
responsible for the delayed differentiation of MFP cells in the cyc mutant embryos to 
maintain the floor plate as an intact structure. In cyc mutant embryos, the notochord 
still expresses shh and ehh and is close to the neural tube, implicating the notochord 
as the source of Hh signals for the differentiation of MFP at later stages. The other 
signaling source may be the floor plate itself, which has homeogenetic-induction 
properties. In 2-day-old cyc mutant embryos, cells expressing MFP genes also express 
the LFP marker nkx2.2, furthermore, the LFP cells occupy the ventral-most aspect of 
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the neural tube of 24hpf cyc and oep mutants, it is likely that LFP is the source of 
MFP precursor cells at later stages. Thus, two distinct mechanisms act at different 
times to control MFP differentiation. During gastrulation and somitogenesis, Cyc 
signaling is required for the development of MFP and for the discrimination between 
LFP and MFP cells in the floor plate; the Hh-dependent differentiation of the MFP 
occurs only during the second day of development, at a time when floor plate has 
already been specified (Albert et al., 2003). 
 Based on fate-mapping studies in chick-quail chimeras and mutants analyses in 
zebrafish, the second model proposed suggests that floor plate and notochord have a 
common origin – Node/organizer. Floor plate specification occurs early, during 
gastrulation and is independent of notochord specification. There are two different 
origins for MFP and LFP in zebrafish. Cyclops/Nodal signaling is required for the 
early MFP, whereas Hh signaling may be required later for LFP induction and for the 
recovery of MFP cells in cyc mutant embryos after 48 hpf (Albert et al., 2003; 
Schauerte et al., 1998). 
1.5   RESEARCH OBJECTIVES  
1.5.1 The Role of Cyclops/Nodal in Floor Plate Induction 
The induction of floor plate has been widely studied in vertebrates. There are two 
models for floor plate formation. The first model suggests that the floor plate is 
formed by inductive signaling from the notochord to the overlying neural tube. The 
induction is thought to be mediated by notochord-derived Shh, and requires direct 
cellular contact between the notochord and the neural tube (Placzek et al., 2000). The 
second model proposes a role for the organizer in generating midline precursor cells 
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that produce floor plate cells independent of notochord specification, and also 
proposes that floor plate specification occurs early, during gastrulation (Le Douarin 
and Halpern, 2000). Null mutations in zebrafish mutant cyc are known to have severe 
defects in the development of MFP but develop relatively normal notochord (Hatta et 
al., 1991). This intriguing mutant phenotype makes cyc a good tool for studying the 
specification of floor plate and the mechanisms involved in floor plate formation. By 
screening for new cyc alleles via non-complementation, we have isolated a new allele 
of cyc that is temperature sensitive, called cycsg1. Cycsg1 shows patchy to complete 
medial floor plate cells at permissive temperature (22oC) but no floor plate at non-
permissive temperature (28oC). This conditional allele of cycsg1 provides a useful tool 
for floor plate analysis. My research objective for the floor plate studies by using 
cycsg1 focused on: when the floor plate is induced and how Cyclops/Nodal signaling is 
involved in floor plate induction. The outcomes from these studies will provide 
another strong evidence for the floor plate induction, which comes from organizer, 
and firstly unravel the precise timing window for floor plate induction in zebrafish. 
Furthermore, the detailed analysis of the floor plate in cycsg1 indicates that instead of 
Shh signaling, Cyclops/Nodal signaling plays an important role in MFP induction in 
zebrafish.   
1.5.2  The molecular mechanism of Cyclops/Nodal in Zebrafish Development 
According to the canonical structure of TGFβ related factors, the primary structure of 
nodal-related genes features a hydrophobic signal sequence, a pro domain, and a 
mature ligand with a prototypical basic cleavage site between the pro and mature 
domains (Kingsley, 1994). The ligand or mature domain contains the conserved 
cysteine residues of the “cysteine knot”, a typical structure of TGFβ-like ligands. The 
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fourth cysteine forms an intermolecular disulfide bond linking the monomeric ligands 
to form homo- or heterodimers (Sampath et al., 1998; Erter et al., 1998). After 
secretion, the pro domain is removed by proteolytic cleavage and the bioactive TGFβ 
ligand (mature domain) is released. The receptor-binding functional moiety of TGFβ-
related proteins is also thought to lie within the C terminal mature domain (Kingsley, 
1994). Interestingly, the molecular lesion in cycsg1 is a transversion, which results in a 
premature stop codon in the pro-domain, and the proposed functional mature domain 
should be absent in the Cycsg1 mutant protein. However, cycsg1 is functional at 22oC. 
Without the functional mature domain, how can Cycsg1 mutant protein exert wild type 
function at 22oC? Could the pro-domain function as wild type protein at low 
temperature? Or could the pro domain have functions that have not been revealed 
before? My study focused on the fine domain analysis of the Cyclops pro-domain 
whose function is still unclear. The functional analysis of the Cyclops pro-domain 
will reveal further insights into the Nodal/TGFβ family and give us a deeper 
understanding of the mechanism of Nodal/TGFβ signaling in zebrafish and vertebrate 
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2.1 ZEBRAFISH STRAINS AND MAINTENANCE 
2.1.1 Fish Maintenance and Embryos Culture 
Adult zebrafish were maintained and reared under standard conditions by the fish 
facility of the Temasek Life Sciences Laboratory, National University of Singapore as 
described in Westerfield (Westerfield, 1994). Embryos were collected after natural 
mating and raised in egg water (0.03% sea salt) at 28.5oC. For embryos growing at 
22oC, embryos were collected at the one-cell stage and kept at 22oC until the 
developmental stages used for analysis. Embryos were staged by hours post 
fertilization (hpf) and by standard staging criteria according to Kimmel (Kimmel et 
al., 1995). 
2.1.2 Fish Strains Used For the Studies 
The mutant alleles used were cycm294 (Schier et al., 1996), cyctf219 (Brand et al., 1996), 
cycb16 (Hatta et al., 1991), sqtcz35 (Heisenberg and Nusslein-Volhard, 1997; Feldman 
et al., 1998), oeptz57 (Zhang et al., 1998), surm768 (Solnica-Krezel et al., 1996; Schier et 
al., 1996) and cycsg1 ( Tian et al., 2003 and this work). Double mutants were generated 
by crossing heterozygous cycm294 to sqtcz35 and cycsg1 to sqtcz35. The zebrafish wild-
type (WT) strain AB (Johnson et al., 1994) was used for out-crosses, and the 
polymorphic WIK strain was used for mapping (Rauch et al., 1997). WT strain AB 
and Singapore WT were also used for embryo injections.   
2.2 CYC ALLELE SCREEN, MAPPING AND SEQUENCING 
2.2.1 cyc Allele Screen 
Adult zebrafish males of the AB strain were mutagenized with ENU and immediately 
mated to females following the mutagenesis (Riley and Grunwald, 1995). Resultant 
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mosaic F1 adults were screened for non-complementation with cyctf219 fish. Putative 
mutant fish were crossed to AB to raise heterozygous F2 fish. F2 adults were crossed 
to tester fish cyctf219 again. The putative mutant fish (cycsg1) was subsequently tested 
with mutants of the other known cyc alleles, such as cycb16, and cycm294, and other 
mutants affecting the Nodal signaling pathway, such as sqtcz35, oeptz57 and surm768. 
Identified heterozygous fish were out-crossed to AB or to WIK fish to get F3 
offspring. Embryos from identified F3 heterozygous fish in the next generation were 
separated into two groups at the one-cell stage, allowed to develop at 28.5oC or at 
22oC until prim-5 stage, and analysed for cyc phenotype of fused eyes, ventral 
curvature and the presence of floor plate. 
2.2.2 Mapping Analysis 
2.2.2.1 Primers used for mapping analysis 
For mapping analysis, cycsg1/+ F2 heterozygous fish that were in the AB background 
were crossed to WIK fish to generate F3 heterozygous fish. Mapping was carried out 
using PCR with primers that amplified simple-sequence length polymorphisms 
(SSLP) from zebrafish linkage group (LG) 12 on an AB/WIK mutant panel. The 
polymorphism markers used are as follows: 
Z4830 is located in LG12, which is far away from the cyc locus and can produce 
approximately 440 base pair (bp) (in WIK background) and about 200 bp (in AB 
background) fragments. 
 Forward primer: 5’ TGTTTCCTTTTGCCTGTATGG 3’ 
 Reverse primer: 5’ TTTGGGGCAATAGGTGAAAG 3’ 
Z1312 is located on LG 12, close to the cyc locus and can produce approximately 170 
bp (in AB background) and 140 bp (in WIK background) fragments. 
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 Forward primer: 5’ GACCACCGACATCATGAGTG 3’ 
 Reverse primer: 5’ TGGGATGAGCTGAAGTTCCT 3’ 
The CA repeat is located in the cyc 3’ untranslated region and can produce 172 bp (in 
AB background) and 140 bp (in WIK background) fragments.  
 Forward primer: 5’ TGATTCTGAGACACCACGAGGAC 3’ 
 Reverse primer: 5’ CGTCTGTGAGGGCATGTGTGTAAG 3’ 
2.2.2.2 Generation of haploid embryos 
A total of 80 haploid and 1200 diploid embryos were tested. Diploid embryos were 
obtained by natural matings of cycsg1/+ heterozygous fish. The procedure to obtain 
haploid embryos is described as follows: 
• Preparation of UV-irradiated sperm 
cycsg1/+ heterozygous male fish were anesthetized in 1x Tricaine (Sigma#A-5040), 
rinsed in fresh egg water and placed on a glass petri dish. The males were killed and 
the forceps were used to tease the sperm out of the testis. Sperm was put in 0.5 ml 
Hank’s saline on ice. The sperm suspension was exposed to UV for 2 minutes (mins) 
to inactivate the sperms (UV dose 200J/m2). After UV exposure, the sperm 
suspension was put on ice and ready for in vitro fertilization (Westerfield, 1994). 
• Squeezing females for eggs 
cycsg1/+ heterozygous females were anesthetized in 1x Tricaine and rinsed in fresh 
egg water. Each female was placed gently on a paper towel to dry briefly and 
transferred to a glass petri dish. The finger of one hand was placed on the dorsal side 
of the fish while the finger of the other hand was used to squeeze out the oocytes by 
gently pressing on the ventral side of the fish. A metal spatula was used to remove the 
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eggs away from the fish body and the fish was put into a recovery tank to revive 
(Westerfield, 1994). 
• In vitro fertilization  
 When eggs were obtained by squeezing, they were immediately fertilized by adding 
0.5 ml UV inactivated sperm in Hank’s buffer and 1 ml egg water. After 1 min, more 
egg water was added to the petri dish and eggs were incubated at 28.5oC until 24 hpf 
(Westerfield, 1994). 
Hank’s full strength composition: 
0.137M NaCl; 5.4mM KCL; 0.25mM Na2HPO4; 0.44mM KH2PO4;  
1.3mM CaCl2; 1.0mM MgSO4; 4.2mM NaHCO3.   
2.2.2.3 Genomic DNA extraction and mapping 
Putative mutant haploid and diploid embryos identified by phenotype were selected 
individually and washed in sterile water. The mutant embryos were kept in 100% 
methanol at -20oC until use. Genomic DNA was extracted as follows: 
Methanol was removed from tubes, and these tubes were put on a  70oC heat block for 
10 mins for methanol to vaporise. Proteinase K (Roche # 3115828) with a 
concentration of 18mg/ml was diluted to 1.7 mg/ml in 1 x TE and 25 microliter (µl) 
was added to each embryo. The embryos were digested at 55oC for at least 4 hours or 
overnight (O/N), then heat inactivated at 75oC for 10 mins. 75 µl sterile water was 
added to each tube and finally, 5 µl was used for the polymerase chain reaction (PCR) 
reaction. 
Mapping PCR was carried out as follows: 
10 x Hotstar buffer       2 µl 
Hotstar DNA polymerase (Qiagen# 203205)    1 U 
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dNTP mix        10 pmol 
forward primer       10 pmol 
reverse primer                   10 pmol 
genomic DNA from above      5 µl 
Distilled, sterile water was added to a final volume 20 µl and the PCR 
program was as follows: 
1. 95oC     15 mins 
2. 42oC     1 min 
3. 72oC     2 mins 
4. 94oC                                                  1 min 
5. go to step 2 and cycle 4 times 
6. 94oC     1 min 
7. 58oC                                                   1 min 
8. 72oC                                                  2 mins   
9. go to step 6 and cycle 34 times 
10. 72oC     10 mins 
2.2.3 Sequencing  
• For DNA sequencing, genomic DNA was isolated from single cycsg1 mutant 
embryos at 24 hpf as described in the method used in 2.2.2.3.  
• For cDNA sequencing, total RNA was extracted from shield stage cycsg1 
mutant embryos. At shield stage, cycsg1 mutant embryos cannot be distinguished from 
WT embryos morphologically, although they differ genetically at the cycsg1 locus. 
Hence, both DNA and RNA were extracted from same embryo. DNA was used for 
genotyping with CA repeat primers for identification of homozygous cycsg1 embryos. 
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The extraction of DNA and total RNA from individual embryos was carried out as 
follows: 
cycsg1/+ heterozygous fish were mated and embryos were raised at 28.5oC until shield 
stage. Single embryos were homogenized in 100 µl TRIzol (Invitrogen #15596018) 
and incubated at room temperature (RT) for 5 mins. 20µl chloroform was added to the 
homogenized embryos, which were incubated at RT for 2 mins and spun at 12000g 
for 15 mins at 4oC. For RNA extraction, the upper aqueous phase containing the RNA 
was transferred to a fresh tube and 50µl isopropyl alcohol was added. It was incubated 
at RT for 10 mins. The RNA was spun down at 4oC and the pellet was washed with 
75% ethanol and air-dried. Total RNA was dissolved in DEPC-treated sterile H2O and 
stored at -80oC. For genomic DNA extraction from the same embryo, 30µl 100% 
ethanol was added to the lower organic phase containing the DNA incubated 3 mins at 
RT. The DNA pellet was washed in 100 µl Sodium Citrate in 10% ethanol. This step 
was repeated twice. Finally, the DNA pellet was air dried and dissolved in 20µl 8 µM 
NaOH. 5µl DNA was used for PCR, to identify homozygous cycsg1 embryos. cycsg1 
total RNA was used for reverse transcription polymerase chain reaction (RT-PCR). 
The quality and quantity of the total RNA were determined by checking the 
absorbance and on the gel. 
• RT-PCR 
First-strand cDNA was synthesized using SuperScript™ II Reverse Transcriptase 
(Invitrogen #18064-014).   
cycsg1 total RNA                 2 µg   
oligo (dT) (Roche #10814270001)     20 pmol 
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 Distilled, sterile DEPC treated H2O was added to the above mixture to a final volume 
of 10 µl, and the mixture was incubated at 70oC for 10 mins, then quickly put on ice. 
Following the incubation, these were added:  
5 x first strand buffer       4 µl 
0.1M DTT        2 µl 
10mMdNTP                                                                                        10pmol 
Superscript II RTase       1 µl 
This final reaction was incubated at 42oC for 60 mins, and stored at -20oC. 
PCR primers used for sequencing in both cycsg1 genomic DNA and cDNA are listed in 
table 2.1: 
Table 2.1      Primers used for cycsg1 mutation sequencing 
Oligonucleotide                     Sequence 
5cm2 5’ ATCATGCACGCGCTCGGAGTC 3’ 
B21-F6            5’ GATGAACCAGACGCGCATACCCG 3’ 
B21-F1            5’ GAGCACGGACACGCAGAAA 3’ 
B21-R4            5’ GATGTTCCTGATTGTTTCTGCGTG 3’ 
B21-F4            5’ GAATCCCTGCTGACGTAACAC 3’ 
AC13R            5’ CTGGTGACGAGGGCACGGCG 3’ 
AC13F            5’ CGCCGTGCCCTCGTCACCAG 3’ 
AC17F  5’ AACAGGAGCTACCGAGCAGGC3’ 
AC15R            5’ ACTGGCCCCGTCCTGCTGCT 3’ 
AC5F            5’ GACAGGAGATCCAGAATGGGA 3’ 
AC26R            5’ GGGGTGATGATATTTCAGCAA 3’ 
AC11F             5’ GATTCTGAGACACCACGAGGA 3’ 
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AC12R             5’ CCTCCTGTCCTTTAGGGGCTG 3’ 
AC18F            5' TTCATAGCAGGCCCTGGTTGCCAG 3' 
AC27R            5' ATCCACATGCATGTCCACCCTC 3' 
AC22R            5' GCTCTCCGCGGGTATGCGCGTC 3' 
AC24R            5’CAAGTGTTCCTGCGGTGCATC 3’ 
AC3R            5’CTAGGCCCACTGTGGATCTCC 3’ 
AC25R            5’ TCCGCACTCCTCCACCTGCATG 3’ 
AC20R            5’ CCTTCTCTGGAGCTCCTGTCC 3’ 
AC1F            5’GCACCGAGTAAAGACCAAGAG 3’ 
AC7F            5’ ACTGGAGGGTGTATAATGTCAC 3’ 
B21-F5            5’ GCCCGAAGAACCAATCTCTGGGC 3’ 
B21-F6            5’ GATGAACCAGACGCGCATACCCG 3’ 
B21-F1            5’ GAGCACGGACACGCAGAAA 3’ 
B21-R4            5’ GATGTTCCTGATTGTTTCTGCGTG 3’ 
B21-F4            5’ GAATCCCTGCTGACGTAACAC 3’ 
B21-R2           5’ GTCGGAACCCACAGGATGCAGGA 3’ 
F7           5’ CTGCCCGAACCCACTGGGAGAAGAG 3’ 
B9           5’ GCGTCTGTGAGGGCATGTGTGTAAG 3’ 
4F1           5’ CAACAGCAGACAATCTGTCC 3’ 
4R1           5’ AGCATTCCCTAATCCTGGAG 3’ 
4F2           5’ CTGATGGCCAGCTCAGTGTTG 3’ 
5F1           5’ CTGTCAtTCGTGACGGAGGAAG 3’ 
5F2           5’ GGAGGACGGTGAAGTAAGCAC 3’ 
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5mat1           5’ AGTACAATGCATACCGGTGCGAGG 3’ 
3mat1           5’ ATCCGCACTCCTCCACCTGCATGT 3’ 
5’intron           5’ GGGCCTGCCCGAACCCACTGGGAG-3’ 
3’intron           5’ GGCATCCGCACTCCTCCACCTGC 3’ 
CE2R           5’ CTAGGAGCTGTCGCTGGTCT G 3’ 
VIIR           5’ AGGGGCTGCTGATGGTCTCCG 3’ 
IVR           5’ TCCCCCAGGGGCCGCTGCTGCTGGTC 3’ 
3cm2           5’ CTCCAATCTAATCATCAGATC 3’ 
  
2.3 GENOTYPING 
Live and in situ sqtcz35, cycm294 and cycsg1 mutant embryos were genotyped. Genomic 
DNA was extracted from live embryos and embryos processed by in situ 
hybridization as described in 2.2.2.  
• Primers used for sqtcz35 are: 
Sqt_G_F: 5’ GAGCTTTATTTCAATAACTGCGTG 3’ 
Sqt_G_R1: 5’ ATATAAAATCAGTACAACCGCCCG 3’ 
Sqt_G_R2: 5’ GCCAGCTGCTCGCATTTTATTCC 3’ 
Primers Sqt_G_F and Sqt_G_R1 produce a 200 bp fragment from sqtcz35 mutant 
genomic DNA, but do not amplify from WT DNA. Primers Sqt_G_F and Sqt_G_R2 
will produce a 170 bp fragment in WT but give no amplification product in sqtcz35 
mutant. 
• Primers used for cycm294 are:  
cyc1008F: 5’ CCATGCTGCTGCTGCTGTTTTCA 3’ 
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Cyc1600R: 5’ AGCTTTAATTTTTCACATCAGTT 3’ 
This pair of primers will produce a 600 bp fragment in both cycm294 mutant and WT. 
Upon incubation with the restriction enzyme AgeI, the WT fragment can be digested 
into two smaller fragments, but the cycm294 mutant fragment cannot be digested. 
• Primers used for cycsg1 are: 
Cyc547F: 5’ CCGAGTAAAGACCAAGAGAC 3’ 
Cyc1018R: 5’ CGTCCTGCTGCTCTGAAAAC 3’ 
This pair of primers will produce a 470 bp fragment in both cycsg1 mutant and WT, 
Upon incubation with the restriction enzyme PvuII, the WT fragment cannot be 
digested but the cycsg1 mutant fragment can be digested into two smaller fragments. 
2.4 TEMPERATURE SHIFT EXPERIMENTS 
Embryos obtained from mating of cycsg1/+ fish were separated into two groups at one-
cell stage, and raised at 22oC and 28.5oC respectively. At regular intervals from 50% 
epiboly to 10-somite stages, embryos at 22oC were shifted up to 28.5oC. Conversely, 
embryos raised at 28.5oC were shifted down to 22oC during the same intervals. For 
temperature pulse experiments, embryos were incubated at either 22oC or 28.5oC with 
a brief shift-up or shift-down period during gastrulation. Embryos were fixed in 4% 
PFA at 100% epiboly or prim-5 stages for in situ hybridization with various markers 
(Tian et al., 2003). 
2.5 GENERATION OF CONSTRUCTS 
2.5.1 Introduce Different Mutations in pCS2cyc+ 
2.5.1.1 Stop-codon substitution in Arg285 (853bp) of pCS2cyc+ 
The cycsg1 mutation and other two stop-codon based cyc853TAA and cyc853TAG were 
introduced into pCS2cyc+ by overlapping PCR-based mutagenesis. 
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The common primers used for the three constructs are: 
ClaI-5cm: 5' GACCATCGATATGCACGCGCTCGGAGTCGCG 3'  
StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
• pCS2cycsg1 construct: pCS2cyc+ was used as template with a base change of AGA 
to TGA in 853 bp 
 150mut5’ 5'GCAGGCCCAGCTGACCAGCG 3' 
 150mut3’ 5'CTGTCGCTGGTCAGCTGGGCCTGCTCTG3' 
• pCS2cyc853TAA construct: pCS2cyc+ was used as template with a base change of 
AGA to TAA in 853 bp 
Cyc853taa-F: 5' CAGAGCAGGCCCAGCTAACCAGCGACAGCTC 3' 
Cyc853taa-R: 5'GAGCTGTCGCTGGTTAGCTGGGCCTGCTCTG 3' 
• pCS2cyc853TAG construct: pCS2cyc+ was used as template with a base change of 
AGA to TAG in 853 bp 
Cyc853tag-F: 5' CAGAGCAGGCCCAGCTAGCCAGCGACAGCTC 3' 
Cyc853tag-R: 5' GAGCTGTCGCTGGCTAGCTGGGCCTGCTCTG 3' 
2.5.1.2 Stop-codon substitution in Met337 of pCS2cyc+ and pCS2cycsg1 
The TAG stop-codon mutation substituted Met 337 (1009bp) in pCS2HA-cyc+-FLAG 
or pCS2HA-cycsg1-FLAG constructs by overlapping PCR-based mutagenesis. 
pCS2HA-cyc1009tag-FLAG: 
Cyc1009TAG-F: 5' CAGAAACACAGAGCCTAGCTGTCGCTGTTTTC 3' 
Cyc1009TAG-R: 5' GAAAACAGCAGCAGCTAGGCTCTGTGTTTCTG 3' 
• The common primers used for these constructs are: 
ClaI-5cm: 5' GACCATCGATATGCACGCGCTCGGAGTCGCG 3'  
StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
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Ligation, transformation and sequencing were performed as in 2.5.1.1. 
2.5.1.3 Ala substitution in Arg44 and Arg49 of pCS2cyc-pro-FLAG 
In pCS2cyc-pro-FLAG, Arg44 or Arg49 or both were substituted by Ala. 
pCS2cyc-pro-44R-A-FLAG: 
Cyc-pro-44R-A-5F:  
5’ CAATAATTATAACAGCTTGGCCAATATGTCACACCGCATG 3’ 
Cyc-pro-44R-A-3R:  
5’ CATGCGGTGTGACATATTGGCCAAGCTGTTATAATTATTG 3’ 
• pCS2cyc-pro-49R-A-FLAG: 
Cyc-pro-49R-A-5F:  
5’ CTTGCGGAATATGTCACACGCCATGCATCTGCCCACGTAC 3’ 
Cyc-pro-49R-A-3R:  
5’ GTACGTGGGCAGATGCATGGCGTGTGACATATTCCTCAAG 3’ 
• pCS2cyc-pro-44,49R-A-FLAG: 
Cyc-pro-44,49R-A-5F:  
5’ AATTATAACAGCTTGGCCAATATGTCACACGCCATGCATCTGCCCACG 3’  
Cyc-pro-44,49R-A-5R:  
5’ CGTGGGCAGATGCATGGCGTGTGACATATTGGCCAAGCTGTTATAATT 3’ 
2.5.2 Generation of Tag-version of pCS2cyc+ and pCS2cycsg1 
• Construction of pCS2-FLAG vector from pCS2+ vector  
pCS2+ vector was cut with BamHI/PvuII and the 3.4kb linearized DNA was recovered 
by gel extraction. PCR amplification was carried out using pCS2+ vector as template 
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GAATTCAAGG 3’    
pCS2607-pvuII-3: 5’ CATTAATGCAGCTGGCACGAC 3’  
The PCR product was ligated to 3.4kb pCS2+ linearized by BamHI/PvuII. The pCS2-
FLAG construct was confirmed by DNA sequencing. 
• pCS2HA-cyc-FLAG and pCS2HA-cycsg1-FLAG: HA-Tag and FLAG-Tag were  
inserted into cyc+ or cycsg1. HA-Tag was inserted into the sequence encoding the 
Cyc pro-domain between Phe21 and Asp22 and FLAG-Tag was inserted into the 
sequence encoding the Cyc mature domain between Val385 and Arg386. 
For the insertion of HA-TAG:  
CS2-sp6:     5’ CTTGATTTAGGTGACAC 3’ 
             Cyc49HAr: 5’ACGATAACGCGTGTGCTTTCCAGCGTAATCTGGAACATCGTATGG 
                GTAAACACTCCGAGCAG 3’ 
            For the insertion of FLAG-TAG: 
              5FLAGcycsal: 5’GAGGTCGACTACAAGGACGACGATGACAAGAGGAGCCCAGA 
              GCTGCAGAGACAC 3’ 
            StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
2.5.3 Deletion constructs in pCS2HA-cyc-FLAG and pCS2cyc-pro-FLAG 
2.5.3.1 pCS2cyc-L+pro and pCS2-L+Mat 
• pCS2cyc-L+pro constructs were generated. 
pCS2cyc-L+pro+3UTR: pCS2cyc+ was used as template 
 cyc-LPUf: 5’  CGGGCCCTCAGGAGCTGAGGATGCCTGTGATAC 3’ 
 cyc-LPUr: 5’   GTATCACAGGCATCCTCAGCTCCTGAGGGCCCG 3’ 
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pCS2cyc-L+pro-FLAG: pCS2cyc-L+pro+3UTR was used as template, a 
FLAG-Tag sequence was inserted into the sequence encoding the Cyc pro-
domain between Phe21 and Asp22. 
Cyc49FLAG-F:  
                           5’CTGCTGCTCGGAGTGTTCGACTACAAGGACGACGATG 




 pCS2cyc-pro-MYC: pCS2cyc-L+pro+3UTR was used as template, a MYC-
Tag was inserted into the sequence encoding the cyc pro-domain between 
Phe21 and Asp22. 
cyc49MYCf:  





• pCS2cyc-L+Mat constructs were generated. 
pCS2cyc-L+Mat+3UTR: pCS2cyc+ was used as template 
Up(cyc-LMUf):   
5’ATCATGCACGCGCTCGGAGTCGCGCGCCTGGCTTGCTAC 
TGCCAGCTGCTGCTGCTCGGAGTGTTCCGCAGGGGCCGC 3’ 
  StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
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pCS2cyc-L+Mat-FLAG: pCS2HA-cyc-FLAG was used as template, a FLAG-
Tag was inserted into the sequence encoding the Cyc mature domain between 
Val385 and Arg386. 
 ClaI-MF: 5' GACCATCGATATGCGCAGGGGCCGCCGGGG 3’ 
 StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
pCS2cyc-L+Mat-MYC: pCS2cyc-MYC was used as template, a MYC-Tag 
was inserted into the sequence encoding the Cyc mature domain between 
Val385 and Arg386. 
 ClaI-MF: 5' GACCATCGATATGCGCAGGGGCCGCCGGGG 3’ 
 StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
2.5.3.2 Deletion constructs in pCS2 HA-cyc-FLAG 
A series of deletions in the Cyc pro-domain were generated, using pCS2HA-cyc-
FLAG as the template.  
Cyc∆a: (cyc∆64bp-159bp) 
Cyc∆aF: 5’ GATGTTCCAGATTACGCTCATTACAAGATGAACCAG 3’  
Cyc∆aR: 5’ CTGGTTCATGTTGTAATGAGCGTAATCTGGAACATC 3’   
Cyc1: (cyc∆154bp-243bp) 
Cyc1F: 5’ CACGTACATGATGCATCTCAATGTGCTCAACAATGACAAC 3’  
Cyc1R: 5’ GTTGTCATTGTTGAGCACATTGAGATGCATCATTACGTG 3’   
Cyc2: (cyc∆244bp-333bp) 
Cyc2F: 5’ TCAGGAGCATCATGTCTAAAATCCGCGTCCCTAGAGAC 3’    
Cyc2R: 5’ GTCTCTAGGGACGCGGATTTTAGACATGATGCTCCTGA 3’     
Cyc3: (cyc∆334bp-423bp) 
Cyc3F: 5’ GGCAGCGGAGCTGCGGCCGAAGAGCCAGTCTCTG 3’   
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Cyc3R: 5’ CAGAGACTGGCTCTTCGGCCGCAGCTCCGCTGCC 3’       
Cyc4: (cyc∆424bp-513bp) 
Cyc4F: 5’ CTCGTCACCAGCCCTGCCTGCACTGGCCCCGGC 3’           
Cyc4R: 5’ GCCGGGGCCAGTGCAGGCAGGGCTGGTGACGAG 3’       
Cyc5: (cyc∆514bp-603bp) 
Cyc5F: 5’ TATAATGTCACAAATCTGCTTGGGCCTAGGAGACCAG 3’      
Cyc5R: 5’ CTGGTCTCCTAGGCCCAAGCAGATTTGTGACATTATA 3’        
Cyc6: (cyc∆604bp-693bp) 
Cyc6F: 5’ GGAAAGGAGATCCACAGTCCGAGCAGGCCCAGGAG 3’   
Cyc6R: 5’ CTCCTGGGCCTGCTCGGACTGTGGATCTCCTTTCC 3’          
Cyc7: (cyc∆694bp-783bp) 
Cyc7F: 5’ CCTGAGGAACAGGAGCTAAAGATCCAGAATAGACCCC 3’    
Cyc7R: 5’ GGGGTCTATTCTGGATCTTTAGCTCCTGTTCCTCAGG 3’           
Cyc8: (cyc∆784bp-873bp) 
Cyc8F: 5’ CGGCCCCAGGGGGACAGGGACAGGAGCTCCAGAGC 3’       
Cyc8R: 5’ GCTCTGGAGCTCCTGTCCCTGTCCCCCTGGGGCCG 3’         
Cyc9: (cyc∆874bp-963bp) 
Cyc9F: 5’ CCAGCGACAGCTCCTAGGCCTGGGGGACAGGAGATC 3’    
Cyc9R: 5’ GATCTCCTGTCCCCCAGGCCTAGGAGCTGTCGCTGG 3’       
Cyc10: (cyc∆964bp-1053bp) 
Cyc10F: 5’ TGGTTGCCAGCAGCAACCCACACTGCCGGGGCCT 3’            
Cyc10R: 5’ AGGCCCCGGCAGTGTGGGTTGCTGCTGGCAACCA 3’          
Cyc11: (cyc∆1054bp-1143bp)   
Cyc11F: 5’ ACGGGGCCAGTCTCCTGGGGCCACCTGTCAGGAG 3’           
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Cyc11R: 5’ CTCCTGACAGGTGGCCCCAGGAGACTGGCCCCGT 3’             
Cyc123: (cyc∆154bp-423bp) 
Cyc∆154-423F:  
5’CACGTACATGATGCATCTCCCGAAGAGCCAGTCTCTG 3’  
Cyc∆154-423R:  
5’ CAGAGACTGGCTCTTCGGGAGATGCATCATGTACGTG 3’  
Cyc456: (cyc∆424bp-693bp) 
Cyc∆424-693F: 5’ CTCGTCACCAGCCCTGCCCGAGCAGGCCCAGGAGA 3’  
Cyc∆424-693R: 5’ TCTCCTGGGCCTGCTCGGGCAGGGCTGGTGACGAG 3’ 
Cyc789: (cyc∆694bp-963bp) 
Cyc∆694-963F:  
5’ CCTGAGGAACAGGAGCTACCTGGGGGACAGGAGATC 3’    
Cyc∆694-963R:  
5’ GATCTCCTGTCCCCCAGGTAGCTCCTGTTCCTCAGG 3’  
2.5.3.3 Deletion constructs in pCS2cyc-pro-FLAG 
In pCS2cyc-pro-FLAG plasmid, the following constructs were created: 
 Cyc-pro∆a: (Cyc-pro∆1-63) 
ClaI-FLAG-pro-5F:   5’GACCATCGATATGGACTACAAGGACGAC 3’   
StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
 Cyc-pro∆b: (Cyc-pro∆64-153) 
Cyc-pro-153F:   5’GGACGACGATGACAAGTATCGGCATTACAAGATG 3’   
Cyc-pro-153R: 5' CATCTTGTAATGCCGATACTTGTCATCGTCGTCC 3' 
Cyc-pro∆123: (Cyc-pro∆154bp-423bp): same primers were used from the 
generation of Cyc∆123 
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Cyc-pro∆456: (Cyc-pro∆424bp-693bp): same primers were used from the 
generation of Cyc∆456 
Cyc-pro∆789: (Cyc-pro∆694bp-963bp): same primers were used from the 
generation of Cyc∆789 
2.5.4 Domain Swap Constructs 
• pCS2-cyc-pro+sqt-mat: The Cyc-pro domain was fused with Sqt-mature domain, 
including the Cyc cleavage site RRGRR. 
Step1: PCR-A: ClaI-5cm: 5' GACCATCGATATGCACGCGCTCGGAGTCGCG 3'  
Cyc-sqt-R: 5’ ATCATCAGTTCTGTGGTTCCGGCGGCCCCTGCG 3’  
PCR-B: Cyc-sqt-F:5’CGCAGGGGCCGCCGGAACCACAGAACTGATGAT 3’ 
  StuI-sqt-3R: 5’ CAAAAGGCCTTATCCAGGTGCCTCAGTG 3’  
Step2 PCR-C: PCR-A and PCR-B products as template 
   ClaI-5cm: 5' GACCATCGATATGCACGCGCTCGGAGTCGCG 3'  
StuI-sqt-3R: 5’ CAAAAGGCCTTATCCAGGTGCCTCAGTG 3’ 
• pCS2-sqt-pro+cyc-mat: Sqt-pro region was fused with Cyc-mat region, including 
Sqt cleavage site RRHRR. 
Step1: PCR-A: EcoRI-sqt-5F:  5' CCGGAATTCAATGTTTTCCTGCGGGCTC 3' 
Sqt-cyc-R: 5’ CTCCTGACAGGTGGCCCCCTTCTGTGGCGCCGAG 3’ 
PCR-B:Sqt-cyc-F:5’CTCGGCGCCACAGAAGGGGGCCACCTGTCAGGAG3’ 
   StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
Step2 PCR-C: PCR-A and PCR-B products were used as template 
  EcoRI-sqt-5F:  5' CCGGAATTCAATGTTTTCCTGCGGGCTC 3' 
StuI-3cm: 5' CAAAAGGCCTCTCCAATCTAATCATCAGATCTCC 3' 
  
Chapter II                                                Materials and Methods                                                            76             
2.5.5 Plasmids From Other Sources   
Zebrafish pCS2-zLefty1/3HA was a gift from A.F. Schier (Cheng et al., 2004).   
2.6 RNA INJECTIONS 
2.6.1 mRNA Synthesis 
• The plasmids pCS2cyc+, pCS2cycsg1, pCS2cyc853TAA, pCS2cyc853TAG, pCS2HA-
cyc1009tag-FLAG, pCS2HA-cyc-FLAG, pCS2HA- cycsg1-FLAG,pCS2cyc-L+pro-
FLAG, pCS2-L+Mat-FLAG, pCS2cyc∆1, pCS2cyc∆2, pCS2cyc∆3, pCS2cyc∆4, 
pCS2cyc∆5, pCS2cyc∆6, pCS2cyc∆7, pCS2cyc∆8, pCS2cyc∆9, pCS2cyc∆10, 
pCS2cyc∆11, pCS2cyc-pro+sat-mat, pCS2-sqt-pro+cyc-mat were linearized by 
NotI. 
• Sense strand capped mRNA was synthesized with SP6 RNA polymerase using the 
mMESSAGE mMACHINE system (Ambion #1340). 
Linearized DNA       1-2 µg 
10 x Reaction Buffer      2 µl 
2 x NTP/cap       10 µl 
SP6 Enzyme Mix       2 µl 
DEPC treated water was added to make up a final volume of 20 µl, then the 
reaction was incubated at 37oC for 2 hrs.  
1µl DNaseI was added and the reaction was incubated further at 37oC for 30 mins. 
The reaction was stopped by adding 15µl ammonium acetate. Then 115µl distilled 
sterile DEPC treated water and 150µl phenol/chloroform/isoamyl alcohol (Sigma 
#P3803) were added. After mixing and centrifugation, the aqueous phase was 
transferred to a fresh tube; 150µl isoproponal was added and it was incubated at -20oC 
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for 2 hrs to O/N for RNA precipitation. After centrifugation, the pellet was washed 
with 75% ethanol; air dried and dissolved in 20 µl of distilled, sterile DEPC treated 
water. The quality and quantity of the mRNA was determined by checking the optical 
density (OD). 
2.6.2 Embryo Injection at Different Development Stages 
For one-cell stage injections, different doses of mRNA were injected into one-cell 
stage embryos and embryos were either fixed at different stages by using 4% 
paraformaldehyde (PFA) (Sigma #P-6148) or were raised until 24 hours for phenotypic 
observation. For 64-128-cell stage injections, mRNA mixed with 1% fluorescein 
dextran (MW 70 000) (Molecular probe #D1822) and 1% Biotin dextran (MW 70 000) 
(Molecular probe #D1957) was injected into one cell at 64-128-cell stage. Fluorescein 
dextran marks successfully injected embryos, as well as, shows the tightness of the 
injection source. On the other hand, Biotin dextran allows the labeling of the injection 
source by anti-biotin antibody staining. At the onset of gastrulation, embryos were 
checked under the UV light of a fluorescence dissecting microscope, and embryos 
with small fluorescein clone were fixed with 4% PFA (Chen and Schier, 2001).    
2.7 ANIMAL CAP ASSAYS 
In vitro synthesized capped mRNA pCS2HA-cyc-FLAG (100pg) and pCS2HA-
cycsg1-FLAG (100pg) were injected into one- to two-cell stage WT embryos. The 
animal caps were dissected at the late blastula stage and cultured in a L15 Leibovitz 
medium (Sigma #L5520) supplemented with 10% horse serum (GIBCO BRL #16050130) 
and antibiotic (100 U/ml Penicillin and 100 mg/ml Streptomycin) (Sigma #P3539) until 
sibling embryos were at stage 80% epiboly at 22oC and 28.5oC (Sagerstrom et al., 
1996; Dheen et al., 1999).  Antibody staining of the animal cap was carried out as 
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described in 2.10.2. 
2.8 IN SITU HYBRIDIZATION 
2.8.1 Digoxigenin (DIG)-Labeled RNA Probe Synthesis 
• Plasmid was linearized by the restriction enzyme near the 5’ cloning site and 
purified by using a DNA purification column (Qiagen #28706).  
5 X transcription buffer (Promega #P118B)              10 µl 
RNA polymerase                 1 µl 
(SP6 polymerase: Promega #P108B; T7 RNA polymerase: Promega #P2075) 
10 X DIG RNA labeling mix (Roche #1277073910)     
or         5 µl 
10 X fluorescein RNA labeling mix (Roche #1685619) 
RNase inhibitor (Roche #03335399001)     1 µl 
100mM DTT (Promega #117B)      1 µl 
linearized DNA       1-2 µg 
Distilled, sterile DEPC treated H2O was added to final volume 50 µl, and 
incubated at 37oC for 2 hrs.  
1 µl DNase I (Roche #776785) was added to above reaction, incubated at 37oC 
for 30 mins. 
The reaction was stopped by adding 1 µl 0.5M EDTA (pH 8.0). Labelled RNA was 
precipitated by adding 5 µl 4M LiCl, 100 µl cold isopropanol, and incubated at –20oC 
O/N. The RNA pellet was washed with 80% ice cold ethanol and then air dried, and 
dissolved in 50 µl DEPC treated sterile H2O. The quality and quantity of the RNA 
was determined by checking OD. For in situ hybridization, the DIG-labeled or 
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fluorescein-labeled RNA was diluted in pre-hybridization buffer (pre-hyb) to a final 
concentration of 100 ng DIG-RNA/ 200 µl hyb and stored at –20oC. 
60% Hybridization buffer:  5 x Standard Sodium Citrate (SSC) 
60% Formamide 
0.1% Tween 20 (SIGMA-ALDRICH #P9416) 
1mg/ml tRNA (Roche #109 509) 
100µg/ml heparin (SIGMA-ALDRICH #A6039) 
1 x Denhardt’s solution 
0.1% CHAPS 
10mM EDTA 
• The following plasmids were linearized and antisense probes were synthesized by 
in vitro transcription: 
pBScyc: EcoRI/T7 (Sampth et al., 1998) 
pBSshh: EcoRI/T7 (Krauss et al., 1993) 
pBStwhh: PstI/T7 (Ekker et al., 1995) 
pBSislet2: EcoRI/T7 (Appel et al., 1995) 
pBShgg1: XbaI/T7 (Thisse et al., 1994) 
pBSgsc: EcoRI/T7 (Stachel et al., 1993) 
pBSflh: EcoRI/T7 (Talbot et al., 1995) 
pBSntl: XhoI/T7 (Schulte-Merker et al., 1994) 
pBSF-spondin: EcoRI/T7 (Higashijima et al., 1997) 
pBScol2a1: BamHI/T7 (Sachdev et al., 2001) 
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2.8.2 Embryo Preparation 
Embryos were fixed in 4% PFA, incubated at RT or 4oC O/N. Embryos were washed 
with PBST (0.1% Tween 20 in PBS) three times and then dechorionated using forceps 
under the dissecting microscope. Dechorionated embryos were dehydrated in 100% 
methanol, and could be stored at –20oC until use. 
2.8.3 In situ Hybridization Procedure 
• Whole-mount in situ hybridization analysis was performed according to Harland 
(1991). Embryos were rehydrated to PBST. After proteinase K treatment (3µg/ml 
for 24 hrs embryos, 100ng/ml for 50% to 100% epiboly embryos), embryos were 
incubated with pre-hyb buffer for 4 hrs at 65oC. Then the hyb buffer with Dig- or 
fluorescein-labeled RNA probe was added to embryos and incubated for O/N at 
65oC. 
• The non-hybridized RNA probe was washed away by  
1. 50% formamide/5 x SSC (FS), 65oC 10 mins 
2. 66% FS/33% 2 x SSC, 65oC 10 mins 
3. 50% FS/50% 2 x SSC, 65oC 10 mins 
4. 33% FS/66% 2 x SSC, 65oC 10 mins 
5. 2 x SSCT (0.1% Tween 20 in 2xSSC), 65oC 10 mins for 3 times 
6. 0.2 x SSCT (0.1% Tween 20 in 0.2xSSC), 65oC 30 mins for 2 times 
7. 66% 0.2 x SSCT/33% Maleic acid buffer (MAB), RT 5 mins 
8. 50% 0.2 x SSCT/50% MAB, RT 5 mins 
9. 33% 0.2 x SSCT/66% MAB, RT 5 mins 
10. MAB, RT 5 mins for 3 times  
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• Embryos were incubated in 10% goat serum (PAA #B110357) in MAB, blocked for 
2 hrs at RT, and then incubated with 1:1000 anti-Digoxigenin alkaline 
phosphatase (AP) antibody (DIG-labeled probe) (Roche #11093274910) or anti-
fluorescein-AP antibody (fluorescein-labeled probe) (Roche #11426338910) in 
blocking buffer O/N at 4oC. 
• The unbound antibody was washed away with MAB, RT 10 mins x 8 times 
• For embryos hybridized with DIG-labeled probe bound with anti-Digoxigenin AP 
antibody, embryos were washed in Buffer 9.5, RT 5 mins x 3 times. Then 
embryos were stained with BM Purple AP substrate (Roche #11442074001). 
Buffer 9.5:   0.1 M Tris-Hcl        pH9.5 
0.1M NaCl 
0.05M MgCl2 
0.1% Tween 20 
• For embryos hybridized with fluorescein-labeled probe bound with anti-
fluorescein-AP antibody, embryos were washed in Buffer 8.2, RT 5 mins x 3 
times. Then embryos were stained with Fast Red substrate (Roche #1496549). 
Buffer 8.2:   0.1 M Tris-Hcl         pH8.2 
0.1M NaCl 
0.05M MgCl2 
0.1% Tween 20 
• The staining was stopped by PBST washes and embryos were post-fixed in 4% 
PFA, 4oC O/N. Embryos were washed again with PBST, and stored in 50% 
glycerol/PBST at 4o
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• For two-color in situ staining, after the first staining was stopped, the embryos 
were washed in PBST 3 times. The embryos were incubated for 10 mins in 0.1 M 
glycine-HCl (pH2.2) to remove the first antibody. After several washes in PBST, 
embryos were re-blocked, second antibody was added, and the second staining 
was detected with a second substrate.  
 2.9 CRYOSECTIONING 
Embryos fixed in 4% PFA were washed with PBST and transferred to chambers filled 
with embedding medium (1.5% low melting temperature agarose in 30% sucrose). 
The blocks were trimmed and incubated in 30% sucrose for O/N at 4oC. The blocks 
were mounted in tissue freezing medium (Leica #020108926) and frozen in liquid 
nitrogen. Frozen blocks were equilibrated for 2 hrs at -20oC. 10-20 µm sections were 
cut on a cryostat at -20oC. Sections were transferred to slides and allowed to dry 
completely at 42oC (Westerfield, 1994).  
2.10 IMMUNOSTAINING 
2.10.1 Antibody Staining in Whole Embryos Using ABC Kit 
• Embryos fixed in 4% PFA were washed with PBST. After 10 mins wash with 
sterile water, embryos were permeabilized in ice cold acetone at -20oC for 7 mins. 
The permeabilized embryos were washed in PBDT (0.1% Tween 20, 1% DMSO 
in PBS), 3 x 10 mins. Embryos were blocked in 10% goat serum in PBDT for 2 
hrs at RT and then incubated with the ZN-5 monoclonal antibody (1:5) 
(Trevarrow et al., 1990) O/N at 4oC.  
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• Unbound antibody was washed away by PBDT washes (6 x 20 mins), and 
preperates were incubated with anti-mouse secondary antibody (DAKO #P0448) for 
2 hrs at RT.  
• Embryos were washed in PBDT 6 x 10 mins and the ABC complex was added 
according to manufacturer’s instructions (Pierce #32054) and incubated for 2 hrs at 
RT. After washing 3 x20 mins in PBDT, Embryos were stained in 
diaminobenzidine peroxidase substrate (DAB) (Sigma #D4168) for 30 mins in the 
dark according to manufacturer’s instructions. The staining was monitored under a 
dissecting microscope by adding 1µl 3% H2O2, stopped by 10 x TE and embryos 
were fixed at 4% PFA (Warga and Nusslein-Volhard, 1999). 
2.10.2 Antibody Staining in Animal Caps and in COS7 Cells 
• Animal cap explants were fixed in 4% PFA. After PBST washing, animal cap 
explants were permeabilized with 0.2% Trixon X-100 in PBS. The explants were 
blocked in PBST with 5% goat serum O/N at 4oC.  
• Transfected COS7 cells were fixed at 4% PFA for 10 mins after 24 hrs 
transfection. The fixed cells were washed in PBS for 3 x 5 mins and 
permeabilized with 0.2% Triton X-100 in PBS for 10 mins at RT. After PBS 
washing, cells were blocked in PBS with 10% goat serum, 0.1% Triton X-100 
O/N at 4oC. 
• The preparations were incubated with the primary antibodies anti-FLAG 
polyclonal antibody (1:200) (Sigma #F7425) and anti-HA monoclonal antibody 
(1:200) (Covance #MMS-101P) at RT for 2 hrs. After PBST washing for 4-5 times, 
staining was detected with an anti-rabbit secondary antibody conjugated with 
Alexa Fluor 568 (1:1000) (Molecular probe #A11011) or an anti-mouse secondary 
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antibody conjugated with Alexa Fluor 488 (1:1000) (Molecular probe #A21202). 
Optical sections were obtained at 0.5 µm intervals on a Zeiss Axiovert 200M 
fluorescence microscope, and images were processed using the Zeiss LSM image 
browser software (Sagerstrom et al., 1996; Dheen et al., 1999).  
2.11 WESTERN BLOTTING AND IMMUNOPRECIPITATION 
ANALYSIS IN COS7 AND 293T CELLS 
2.11.1 Western Blot Analysis in COS7 Cells 
COS7 cells were maintained in complete medium: Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco BRL #10569010) supplemented with 10% fetal bovine serum 
(FBS) (Sigma #F0926) and 1% penicillin-streptomycin (Gibco BRL #15070063). The day 
before transfection, cells were subcultured in 35mm dishes (for protein extraction) or 
glass bottom microwell dishes (for immunostaining) at a density that yields 70-90% 
confluency at the time of transfection. 2µg of each plasmid was diluted in 100 µl 
DMEM without serum and mixed with 10 µl SuperFect transfection reagent (Qiagen 
#301307). The SuperFect/DNA mixture was incubated at RT for 5-10 mins, and then 
600 µl DMEM with 10% FBS was added into the mixture, and incubated with cells 
for 3 hrs. Transfected cells were washed in PBS and 2 ml fresh DMEM with 10% 
FBS and 1% antibiotics was added, and the cells were cultured at 37oC. The cells for 
immunostaining were fixed 24 hrs after transfection. The cells for protein extraction 
were harvested 48 hrs after transfection, and 100µl lysis buffer (50mM Tris PH 8.0, 
150mM NaCl, 0.5% NP40 (SIGMA #I-8896), 0.5% Deoxycholic acid (SIGMA #D-6750), 
0.05% SDS) was added. The protein concentration was checked under OD595. 15 µg 
protein was mixed with 2 x SDS sample loading buffer, boiled for 5 mins and was 
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ready for SDS-PAGE. Immunoblot (IB) was analysed by mouse monoclonal anti-
FLAG M2 antibody (SIGMA #F3165) or mouse monoclonal anti-β-Tubulin antibody 
(SIGMA #T5293) as control. Anti-mouse immunoglobulins (DAKO #P0260) were used as 
secondary antibody and detected by SuperSignal West Femto Maximum Sensitivity 
Substrate (Pierce #34095). 
2.12.2 Immunoprecipitation (IP) Using 293T Cells 
Immunoprecipitation was carried out as described (Harlow and Lane, 1988). 293T 
cells were subcultured in 100mm plates the day before transfection. For co-
transfection of two plasmids, 5µg of each plasmid was used for transfection. The 
plasmids were diluted in 300µl DMEM without serum and 60 µl SuperFect 
transfection reagent was added. After 10 mins incubation, 600 µl DMEM with 10% 
FBS was added and transfected to cells for 2.5 hrs.  30 hrs after transfection, cells 
were harvested and lysed in lysis buffer containing a protease inhibitor cocktail (Roche 
#1 697498). Lysates were clarified by centrifugation and the supernatant were incubated 
with anti-FLAG M2 Affinity Gel (SIGMA-ALDRICH #A2220), or HA.1.1 Monoclonal 
Antibody Affinity Matrix (Covance #AFC-101P) 4oC for 2 hrs. The matrix was washed 
with lysis buffer 7 times; 40 µl 2 x SDS sample loading buffer was added before 
boiling. The eluted protein was analyzed on a protein electrophoresis gel in 1 x SDS 
running buffer. Protein was transferred to a nitrocellulose membrane (Amersham 
Biosciences #RPN203E). The membrane was blocked in 5% milk blocking buffer for 2 
hrs at RT to O/N at 4oC. Primary antibody was either an anti-FLAG polyclonal 
antibody (1:1000) (Sigma #F7425) or anti-HA polyclonal antibody (1:1000) (Santa Cruz 
Biotechnology #sc-805), and anti-rabbit immunoglobulin (DAKO #P0448) was used as 
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secondary antibody. Proteins on the membrane were detected by SuperSignal West 
Pico Chemiluminescent Substrate (Pierce #34077). 
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3.1 BACKGROUND 
One of central features of development is the formation of specific cells in specific 
places within the embryo. In vertebrates, these earliest events include the specification 
of the germ layers and the generation of the body plan. Recent studies have already 
implicated that Nodal/TGFβ signaling is involved in germ layer formation, anterior-
posterior and left-right patterning. Nodals participate in these various patterning 
events at distinct but overlapping times. For example, the time of Nodal action in 
mesoderm and endoderm specification is before and during early gastrulation, 
however, the time of Nodal action in left-right patterning is after gastrulation (Schier 
and Shen, 2000; Whitman, 2001).  
In zebrafish, both cyc and sqt encode members of the Nodal-related subclass of the 
TGFβ superfamily. Zebrafish embryos with mutations in the cyc gene are abnormal in 
their body shape (curly tail down) and have severe defects in the development of 
medial floor plate and the ventral brain, leading to cyclopia caused by incomplete 
splitting of the eye field (Figure 3.1) (Sampath et al., 1998; Varga et al., 1999). 
Similarly, zebrafish embryos with mutations in the sqt gene display cyclopia and 
defects in prechordal plate and ventral nervous system (Feldman et al., 1998). The 
gene expression patterns of cyc and sqt are consistent with the observations that both 
are expressed in the margin (prospective mesendoderm) by late blastula, and both the 
expression of many early mesendodermal markers in the margin and the involution of 
marginal cells at gastrulation are lost or reduced in cyc-/sqt- mutants. The mutant 
phenotypes and gene expression patterns indicate that both of the zebrafish Nodals are 
essential zygotic signals required for mesoderm and endoderm induction and left-right  
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Figure 3.1 Phenotypic comparison of cyclops mutant and wild-type embryos. 
(A,C,E) Wild-type embryos. (B,D,E) cycm294 mutant embryos. (A-B) Lateral view of 
whole embryos at 24hpf, anterior to the left, dorsal up. (C-D) Lateral view of trunk 
region of live embryos at 24hpf, anterior to the left, dorsal up. Black arrowhead 
indicates medial floor plate cells in wild-type embryos that are absent in mutant 
embryos. Red arrowheads indicate the notochord. (E-F) Frontal view of the head at 
36hpf. The absence of the ventral forebrain in cycm294 causes the fusion of two eyes 
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specification. Thus, the multiple roles of Nodal-related signals in early zebrafish 
embryogenesis lead to the questions of how these Nodal-related genes interact, and 
how the regulation of mesoderm and endoderm formation is precisely controlled 
spatially and temporally by Nodal signaling. Molecular and genetic data suggest that 
the cyc mutations are null alleles which cause mutant lethality (Hatta et al., 1991; 
Halpern et al., 1997; Rebagliati et al., 1998; Sampath et al., 1998; Talbot et al., 1998; 
Gritsman et al., 1999). This makes it difficult to investigate how Nodal signals can 
evoke different cellular responses at different times. Moreover, the timing of the 
initiation, attenuation and duration of Nodal signaling in different patterning events 
has not yet been sufficiently resolved. Constitutive or regulatable alleles of cyc which 
can be used to assess the precise requirement for Cyclops/Nodal signaling in all 
tissues and stages in which they function would be a valuable tool.  
One approach to study functions of genes that may be required at some specific stages 
or organs is to identify mutations that have no affect at one condition, such as low 
temperature, but result in mutant phenotypes at a second condition, such as high 
temperature. Screens for temperature-sensitive mutations have been useful in the 
genetic dissection of a variety of processes, including phage morphogenesis (Edgar 
and Leilausis, 1964), the yeast cell cycle (Hartwell et al., 1974; Moir et al., 1982), and 
the development of fruit flies and nematodes (Suzuki et al., 1976; Vowels and 
Thomas, 1992), More recently, in zebrafish fin regeneration (Johnson and Weston, 
1995). Accordingly, we carried out a screen for temperature-sensitive mutations in the 
cyc locus. 
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3.2 ISOLATION OF A CYC TEMPERATURE-SENSITIVE 
ALLELE, cycsg1 
3.2.1 Screening for New Allele of cyc 
A non-complementation screen is a standard approach to identify additional alleles of 
a particular gene.  To isolate new alleles affecting the cyc locus, screening was carried 
out as described in 2.2.1 (Figure 3.2). Males were mutagenized with ENU and mated 
to AB females. The F1 fish raised from matings were tested for non-complementation 
with an identified cyc carrier. In this screening, we used cyctf219/+, on TL background, 
as tester fish. In total, 178 F1 mosaic fish were crossed to cyctf219/+ tester fish and 
their progeny were scored for classic cyc phenotypes, as well as weaker, stronger or 
other interesting phenotypes (Table 3.1). The progeny from 3 F1 fish showed classic 
cyc phenotypes. These 3 F1 fish and another 10 fish whose progeny showed other 
interesting phenotypes were crossed to AB to generate F2 families. Among the 13 F2 
families, F1 phenotypes were recovered in fish from 5 families. These 5 F2 fish were 
crossed to cyctf219/+ tester fish again and resultant embryos were screened for cyc 
phenotypes. The progeny from 5 F2 fish incross were also raised at 22oC and 28.5oC 
separately to screening for the temperature-sensitive phenotypes. The fish from one 
family showed the classic cyc phenotype in 25% progeny at 28.5oC.   Analysis of the 
phenotypes at 22oC revealed that it is a temperature-sensitive mutant and many 
homozygous mutant embryos were viable until 15 dpf when raised at 22oC. We 
picked up this F2 fish with another two F2 Fish whose progeny showing the cyc 
phenotype and crossed them to AB and WIK separately to generate F3 offspring 
(Table 3.1). This temperature sensitive mutant, sg1, was confirmed to be an allele of  
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Figure 3.2 Crossing scheme for identifying newly induced allele of cyc.   
 
 X 
ENU mutagenized male (AB) WT female (AB) 
Mosaic F1 
  cyctf219/+ Tester fish (TL) 
Scored for cyc phenotype and other phenotypes 
F1 crossed to AB and raise offspring 
F2 crossed to cyctf219/+ tester fish  
Recovery and Characterization analysis 
X 
F2 crossed to AB or WIK and raise offspring 
F3 characterization and complementation analysis 
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cyc by complementation analysis with other cyc alleles and mutations in other 
components of the nodal signaling pathway in zebrafish. When sg1/+ was crossed 
with other Nodal pathway mutants, sqtcz35/+, oeptz57/+ or surm768/+, sg1 allele could 
complement these mutations, and the progeny showed WT phenotype. However, 
when sg1/+ was crossed with fish bearing cyc mutant alleles, cycm294/+, cyctf219/+ and 
cycb16/+, the sg1 allele failed to complement the cyc mutations, and one-fourth of the 
progeny showed the classic cyc mutant phenotype. The phenotype checking in F3 fish 
progeny at 22oC and 28.5oC also further confirmed that sg1 is a temperature-sensitive 
allele of cyc. The detailed description of temperature-sensitive phenotypes of sg1 is in 
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Figure 3.3 Genetic mapping of cycsg1. 
(A) The SSLP marker Z4830 is far away from the cycsg1 locus. 80 haploid progeny of 
cycsg1 were analysed and had 62 recombinations. Red arrowhead indicates 
recombination band of 440bp, black arrowhead indicates a non-recombination band of 
200bp. (B) cycsg1 locus is close to the SSLP marker Z1312 with only 13 
recombinations (red arrowhead with 140bp) out of 80 cycsg1. (C) cycsg1 is in the 
cyclops locus when cyc (CA)n repeat markers are applied. No recombination 
(indicated by red arrowhead) is shown in the same haploid mapping panel. (1, 100bp 
ladder; 2, negative control; 3, AB strain; 4, WIK strain; 5, the progeny of AB cross 
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Previous work demonstrated that cyc is located on linkage group 12 (LG12 or 
chromosome 12) (Sampath et al., 1998). To further confirm that sg1 is a new allele of 
cyc, the simple-sequence length polymorphism markers Z4830, Z1312 and CA repeat 
(in cyc locus) on LG12 were used for mapping in both haploid and diploid embryos. 
The sg1 locus was far away from z4830 (62 recombinants among 80 haploid), sg1 
locus was in the vicinity of z1312 (13 recombinants among 80 haploid) and sg1 was 
mapped to cyc locus using CA repeat primers (zero recombinants among 80 haploid) 
in this haploid mapping panel (Figure 3.3). In addition, 1200 sg1 diploids from natural 
sg1/+ mating were also mapped by using CA repeat primers. The new cyc mutant 
allele was called cycsg1.  
3.2.2 Phenotypic Analysis of cycsg1 
At 28.5oC, the phenotype of cycsg1 is similar to that seen in embryos obtained from 
matings of fish harboring a null mutation at the cyc locus, consisting of fusion of the 
eyes, ventral curvature and lack of medial floor plate (class V phenotype). This type 
of phenotype is termed classical cyc phenotype (Figure 3.4E, J and Figure 3.4E). 
However, at 22oC, embryos homozygous for the cycsg1 mutation exhibit variably fused 
eyes (Figure 3.4A-E), ventral curvature (Figure 3.4F-J), and floor plate (Figure 3.5A-
D). According to the eyes, ventral curvature and floor plate phenotypes, I classified 
cycsg1 mutant embryos from class I to class V, in which class I indicates the WT 
phenotype and class V indicates the classic cyc mutant phenotype. The cyc phenotype 
is fully penetrant at 28.5oC, at which 27.1% of the progeny have the classic cyc 
phenotype (class V) (Table 3.2). However, the mutation is incompletely penetrant at 
22oC, with 2-3% of homozygous mutants showing WT-like class I phenotype 
according to the normally separated two-eye field by completely rescued ventral 
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forebrain (Figure 3.4A), the normal straight body shape (Figure 3.4F) and the 
completely rescued medial floor plate cells (Figure 3.5A). At 22oC, only 2-3% of 
homozygous mutants out of total embryos exhibit the classic cyc phenotype (class V). 
In addition, in all mutant embryos, only 50% (n=25) of the homozygous mutant 
embryos exhibit the class II to class V cyc phenotype, and the other 50% mutant 
embryos show WT phenotype (class I). Moreover, unlike at 28.5oC, the expected 
Mendelian segregation was not observed at 22oC, only 14.2% of the embryos showed 
mutant phenotypes (Table 3.2).  
 
 
Table 3.2 Phenotypes manifested by homozygous cycsg1 mutant embryos at the 
























I  7 3.2%  0 0 
II  10 4.6%  0 0 
III  9 4.1%  0 0 




V  4 1.8%  71 27.1% 
        
I  5 2.3%  0 0 
II  3 1.4%  0 0 
III  4 1.8%  0 0 




V  8 3.7%  71 27.1% 
        
Total  218 31 14.2% 262 71 27.1% 
 
       * mutants were independently confirmed from PCR genotyping. 
 
Mutant embryos were scored for fusion of eyes and ventral curvature of the body.  
Variable phenotypes were observed at 22oC whereas at 28.5oC, all mutants exhibited 
only the severe cyc phenotype (Class V). Phenotypes have been classified based on 
increasing severity, with class I representing the mildest phenotype similar to wild 
type embryos, and class V representing severe phenotypes, similar to null mutations 
in cyc (mutants were identified from PCR genotyping independently). 
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Figure 3.4 Variable eye and body phenotype of cycsg1 at 22oC. 
(A-E) Variable fusion of the eyes and (F-J) ventral curvature in protruding mouth 
stage (6 days posterfertilization at 22oC) cycsg1 mutant embryos maintained at 22oC. 
Class I (A, F) represents the mildest phenotype similar to wild-type embryos, and 
class V (E, J) represents the most severe phenotype, similar to null mutations in cyc. 
At 28.5oC, only the class V phenotype is observed (the mutant embryos were 
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Figure 3.5 Variable floor plate phenotype of cycsg1 at 22oC. 
(A-E) At prim-5 stages, lateral view of the cycsg1 mutant embryo trunk region, anterior 
left, dorsal up, stained for shh, a medial floor plate and notochord marker. Class I (A) 
represents the complete medial floor plate similar to wild-type, and class V (E) 
represents the complete absence of the medial floor plate cells in the midline, similar 
to shh staining in embryos with null allele mutations in cyc. (B-D) reveal a patchy 
floor plate cells in cycsg1 mutant embryos at 22oC (black arrows indicate MFP cells) 
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3.2.3 Sequence Analysis and Molecular Characterization of Cycsg1 Mutation 
Nucleotide sequences from both cycsg1 genomic DNA and cDNA revealed an A to T 
transversion at position 853 of the cyc-coding sequence. This single nucleotide change 
causes an Arg (AGA) to stop codon (TGA) change, resulting in a premature stop 
codon in the Cyclops pro domain (Figure 3.6A, C). The mutation also introduces a 
site for the restriction enzyme PvuII in the cyc cDNA such that cycsg1 cDNA can be 
digested by PvuII to give two small fragments, but cyc+ cDNA cannot (Figure 3.6B). 
To confirm if the A-T transversion causes the temperature-sensitive (ts) phenotype, 
synthetic mRNA encoding cyc+, cycm294 and cycsg1 were generated and microinjected 
into WT embryos at one-cell stage. The injected embryos were raised at 22oC and 
28.5oC separately till they reached the 6-somite stage, at which they were fixed and 
processed for in situ hybridization. Microinjection of cyc+ mRNA to overexpress cyc 
induces midline expansion or duplication of the shh-expression domain at both 22oC 
and 28.5oC (Table 3.3). However, microinjection of mRNA for the null allele, cycm294 
does not induce any expansion or duplication of the midline at either 22oC or 28.5oC 
(Table 3.3). When in vitro synthesized cycsg1 mutant mRNA was injected into WT 
embryos, it caused a cyc overexpression phenotype at 22oC, shown by the expansion 
(Table3.3 and Figure 3.7B) or duplication (Figure 3.7C, D) of the shh-expression 
domain in the dorsal midline, similar to cyc+ mRNA injection. By contrast, at 28.5oC, 
embryos injected with cycsg1 mutant mRNA were indistinguishable from control 
embryos (Table 3.3 and Figure 3.7A), similar to embryos injected with cycm294 mutant 
mRNA. The overexpression assay confirms that the A-T transversion in cycsg1 is 
responsible for the temperature-sensitive phenotype. 
 
  
Chapter III           Analysis of cycsg1, A Temperature-sensitive Mutation in the cyclops Locus           100                                
 
 




Figure 3.6 Identification of the molecular lesion in cycsg1. 
Nucleotide sequence eletrophoregram shows an A to T transversion at position 853bp 
of the coding sequence of cyc. (B) The mutation introduces a new site for the 
restriction enzyme PvuII, seen in mutants digests of DNA amplified from 4 individual 
mutant cycsg1 embryos, when compared with WT embryos. (C) Schematic 
representation of the leader, pro and mature ligand domains of Cyc, with the cleavage 
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Table 3.3 Overexpression of cycsg1 mRNA results in duplication or  
expansion of the gastrula midline axis at 22oC but not at 28oC 
 
Injected mRNA 
          (5pg)                  Temperature    Total (N) 
Number of embryos with expansion 
or duplication of shh expression 
domain (%) 
22oC 138 100  (72.5%) 
cyc+ 28oC 120 85  (70.8%) 
 
    
22oC 115 0  (0.0%) 
cycm294 28oC 134 0  (0.0%) 
 
    
22oC 150 85  (56.7%) 






5pg of cyc+, cycm294 or cycsg1 mRNA were injected into WT embryos at the one-cell 
stage and the injected embryos were raised at 22oC or 28.5oC until the 6-somite stage. 
Embryos were fixed for in situ hybridization to check the extent of the shh expression 









    
  










Figure 3.7 Overexpression of cycsg1 mRNA in wild-type embryos results in 
duplication or expansion of the midline axis at 22oC.  
(A-D) 6 somite-stage embryos at 22oC, dorsal view, anterior to the left, shh as a 
midline marker. (A) Control embryos show normal shh staining in the midline. 
Embryos injected with cycsg1 mRNA at 22oC show expand (B) or multiple shh 
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3.3 ANALYSES OF GERM LAYER GENES EXPRESSION IN 
CYCSG1 MUTANT EMBRYOS 
3.3.1 Expression of Mesendodermal Genes in cycsg1 
Expression of cyc transcripts begins in early gastrulae (30% epiboly) in cells 
encircling the blastoderm margin, and is progressively restricted to the dorsal 
embryonic shield (Rebagliati et al., 1998; Sampath et al., 1998). During mid-gastrula 
stages, cyc transcripts are present at higher levels and expression extends along the 
midline mesendoderm, including the presumptive prechordal plate mesoderm (Figure 
3.8A). However, starting from 90% epiboly, cyc transcripts are weakly detected 
(Figure 3.8D). Expression of cyc transcripts in gastrula stage cycsg1 mutant embryos at 
22oC is similar to that seen in WT embryos, with a higher level at 70% epiboly 
(Figure 3.8B) and reduced level at 90% epiboly (Figure 3.8E). In cycsg1 mutant 
embryos at 28.5oC, similar to null mutations in the cyc locus (Rebagliati et al., 1998; 
Sampath et al., 1998), cyc transcripts are reduced by mid-gastrula stages (Figure 3.8C) 
and are not detected by the end of gastrulation (Figure 3.8F).  
Transcripts of the homeobox-containing gene, goosecoid (gsc), first accumulate after 
midblastula transition, and increase during the beginning of epiboly (Thisse et al., 
1994). During gastrulation, all gsc-expressing cells invaginate and form the central 
part of the embryonic shield. After 70% epiboly, the gsc is strongly expressed in 
prechordal plate mesendoderm (Thisse et al., 1994) (Figure 3.9A). In cyc null 
mutants, expression of gsc is abnormal and reduced in the mesendoderm (Figure 
3.9B). Analysis of gsc expression in cycsg1 mutant embryos at 22oC reveals variably 
reduced to normal prechordal plate mesendoderm (Figure 3.9C, D), compared to those 
at 28.5oC (Figure 3.9B), which are similar to null mutations of the cyc locus.       
  





               
 
 
Figure 3.8 Expression of cyc transcripts in cycsg1 mutant embryos at 22oC and 
28.5oC. 
(A-F) Dorsal view, animal pole up. (A, B, C) Embryos at 70% epiboly stage. (D, E, F) 
Embryos at 90% epiboly stage. (A, D) WT embryos at 22oC show that cyc is 
expressed at higher levels at 70% epiboly, and lower levels at 90% epiboly. (B, E) cyc 
transcripts in cycsg1 mutants at 22oC are similar to WT embryos. (C, F) At 28.5oC, cyc 
transcripts are reduced at 70% epiboly (C), and cannot be detected by 90% epiboly, 







wild-type at 22oC cycsg1 at 22oC cycsg1 at 28.5oC 
  





                   
 
 
Figure 3.9 Expression of gsc in cycsg1 mutant embryos. 
(A-D) 90% epiboly stage, anterior view. (A) WT embryos show strong gsc expression 
in dorsal mesendoderm cells. (B) gsc expression in cycsg1 mutant embryos at 28.5oC 
are dramatically reduced. (C, D) gsc expression is similar to WT (C) or variably 
reduced (D) in cycsg1 mutant embryos at 22oC (A, WT; B, cycsg1 mutant at 28.5oC; 
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3.3.2 Expression of Ventral Neural Tube Markers in cycsg1 
Expression of tiggy-winkle hedgehog (twhh) is first detected at 50% epiboly in a 
portion of the embryonic shield (Ekker et al., 1995). In concert with movements of 
convergence and extension, twhh expression domain in the shield shortens along the 
equatorial plane and extends along embryonic axis. By the end of gastrulation, 
expression occurs in the midline axis which later will give rise to floor plate cells 
(Figure 3.10A). In cyc null mutants, the midline axis fails to express twhh, and the 
floor plate is absent, so at the end of gastrulation, twhh transcripts in cyc mutants are 
found only in a small patch of cells in the presumptive tailbud (Ekker et al., 1995). 
However, in cycsg1 mutant embryos at 22oC, twhh expression is either comparable 
with WT embryos or only slightly reduced (Figure 3.10C, D). At 28.5oC, similar to 
null mutations in cyc, twhh expression is not detected in the midline (Figure 3.10B). 
Similar to twhh, the expression of sonic hedgehog (shh), another important midline 
marker, starts at about 60% epiboly. shh RNA accumulates in both presumptive floor 
plate and notochordal cells. By the end of somitogenesis, just like twhh, shh is 
strongly expressed in the floor plate, but unlike twhh, shh transcripts also can be 
weakly detected in the notochord at prim-5 stage and at 36 hours of development 
(Ekker et al., 1995). In embryos harboring null mutations in cyc, shh expression is 
absent because of the lack of medial floor plate cells. Strikingly, expression of shh in 
prim-5 stage in cycsg1 mutant embryos reveals that the floor plate phenotype can range 
from patchy to complete at 22oC (Figure 3.11A-C); whereas at 28.5oC, there is a 
complete absence of medial floor plate cells (Figure 3.11D). The cycsg1 embryos with 
patchy shh expression reveal the presence of floor plate cells throughout the length of  
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Figure 3.10 Expression of twhh in cycsg1 mutant embryos. 
(A-D) 100% epiboly stage, dorsal views. (A) WT embryos show strong and 
continuous twhh expression in midline cells. (B) twhh expression is almost absent in 
the midline cells of cycsg1 mutant embryos at 28.5oC, and only weal expression in the 
presumptive tailbud can be detected (black arrowhead). (C, D) At 22oC, cycsg1 mutant 
embryos show twhh expression that is either similar to WT or only slightly reduced 













Figure 3.11 shh-expressing floor plate cells are present in cycsg1 mutant embryos 
at 22oC but not at 28.5oC. 
(A-D) Prime-5 stage embryos, lateral views with anterior towards the left. cycsg1 
mutant s have patchy to complete shh expression in the floor plate cells at 22oC (A-
C), but lack floor plate shh expression at 28.5oC (D). Black arrowheads indicate 
notochord, red arrowheads show gaps in shh expression in the ventral brain and spinal 
cord. Yellow arrowhead indicates a few shh positive cells in the dorsal midbrain. In 
A-D, black boxes mark the area displayed in the inst with patchy shh expression in the 
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Figure 3.12 Differentiated floor plate cells are present in cycsg1 mutant embryos 
at 22oC, similar to wild-type embryos. 
(A-D) Prime-5 stage embryos at 22oC, trunk views, dorsal up, anterior to the left. (A) 
In situ hybridization to detect F-spondin2 in floor plate shows high levels of 
expression in WT embryos (black arrowhead), compared to patchy floor plate in 
cycsg1 mutant embryos (B). F-spondin2 expression is also detected in dorsal spinal 
cord cells (black arrow). (C, D) Col2a1 expression is detected in floor plate cells in 
WT embryos (C) and also in patchy floor plate of cycsg1 mutant embryos (black 
arrowhead). Red arrowhead indicates col2a1 expression in hypochord (the mutant 
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the embryos (Figure 3.11A), with gaps in the anterior of the embryo but a fairly 
complete floor plate in the trunk (Figure 3.11B), or with normal shh expression in the 
anterior and gaps in the trunk (Figure 3.11C). 
Two additional neural tube markers for the differentiated floor plate were also used. 
F-spondin2, originally identified as a gene expressed at high levels in the developing 
floor plate (Klar et al., 1992), was first observed at 11-13 hpf in the dorsal midline. As 
development proceeds, from 16hpf - 24hpf, f-spondin2 transcripts remain at a high 
level in the floor plate and also has weakly in the dorsal spinal cord (Figure 3.12A). 
The expression of f-spondin2 in cycsg1 mutant embryos at 22oC indicates a patchy 
floor plate in prim-5 stage (Figure 3.12B). The expression of type II collagen (col2a1) 
is also high in both floor plate and hypochord in 24hpf (prim-5) WT embryos (Figure 
3.12C).  Similarly, col2a1 expression also indicates patchy floor plate cells in cycsg1 
mutant embryos at 22oC in prim-5 stage (Figure 3.12D).   
3.3.3 Expression of Neuronal Markers in cycsg1 
Primary motoneurons revealed by islet2 (isl2) expression, a LIM 
domain/homeodomain-type transcription regulator (Appel et al., 1995), also show a 
range of phenotypes in the cycsg1 mutant embryos at 22oC (Figure 3.13B-D) when 
compared with WT siblings (Figure 3.13A). The position of primary motoneurons can 
be detected either in shh-positive medial floor plate (Figure 3.13B), or even in the 
absence of shh-positive floor plate (Figure 3.13C). Alternatively, in the absence of 
medial floor plate, similar to null mutations in cyc (Beattie et al., 1997), the primary 
motoneurons are positioned in the midline rather than their usual lateral location 
(Figure 3.13D).  
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Immunostaining using antibodies raised against the zn5 epitope to detect axon 
projection of retinal ganglion cells in the anterior of the embryos (Figure 3.14A-C) 
and the innervations of secondary motoneurons in the myotone (Figure 3.14D-F) 
show similar minor defect of the optic nerve projection, and overshooting of 
secondary motoneurons in myotone in the cycsg1 mutant embryos raised at 22oC 
(Figure 3.14B, E), in contrast to severe defect of optic nerve projection and absence of 
axons projection from secondary motoneurons in the cycsg1 mutant embryos raised at 



























Figure 3.13 Primary motoneurons in cycsg1 mutant embryos. 
(A-D) Cross sections at the level of the trunk in prim-5 stage embryos. Expression of 
isl2 (purple, green asterisks) marks the position of primary motoneurons in the ventral 
neural tube. Shh (red color) as midline marker, yellow arrowheads indicate floor plate 
cells in the midline and black arrowheads indicate the notochord. (A) WT embryos 
have normal notochord and floor plate, and have primary motoneurons bilateral to the 
floor plate. (B-D) The position of primary motoneurons in cycsg1 mutant embryos at 
22oC may be similar to that seen in WT embryos (B, C) or more medial (D) (the 














Figure 3.14 Retinal ganglion cells axons projection and secondary motoneurons 
innervations in cycsg1 mutant embryos. 
(A-F) 48 hpf embryos with whole-mount zn5 immunostaining. (A-C) Head region, 
frontal views to show the projection of axon from retinal ganglion cells. (D-F) Trunk 
region, lateral views to show the innervations of secondary motoneurons in the 
myotome. (A, D) WT embryos at 22oC, showing the contralateral projection of optic 
nerves in the head (black arrow in panel A) and arborization of the secondary 
motoneurons in the myotome (black arrow in panel D). (B, E) cycsg1 mutants at 22oC, 
showing a minor defect in optic nerve projection (B) and an extension of secondary 
motoneurons. (C, F) cycsg1 mutant embryos at 28.5oC show severe defects in optic 
nerve projection (C) and absence of axon projections from secondary motoneurons 
(D). The mutant embryos shown were confirmed by PCR genotyping.  
  











ANALYSIS OF FLOOR PLATE FORMATION BY USING 
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4.1 BACKGROUND 
Studies in several vertebrates investigating the development of the floor plate led to 
different models for its induction. One model proposes that a signaling cascade 
mediated by Shh protein secreted from the notochord induces the floor plate in the 
overlying neural tube (Plazek et al., 2000), and mutations in the mouse shh gene 
indeed result in floor plate deficiencies (Chiang et al., 1996). Moreover, grafting 
experiments in chick have indicated that floor plate markers can be induced in ectopic 
locations of the neural tube by signals from the notochord, or the floor plate itself, or 
by the expression of SHH protein in ectopic location of the neural tube (van Straaten 
et al., 1985; van Straaten et al., 1988; Placzek et al., 1990; Placzek et al., 1991; 
Yamada et al., 1991; Marti et al., 1995; Roelink et al., 1995; Ericson et al., 1996). 
However, recent experiments in chick, as well as analyses of zebrafish mutants 
suggest that the floor plate may be induced independent of notochord signaling by 
Shh (Halpern et al., 1997; Le Douarin et al., 1998; Le Douarin and Halpern, 2000; 
Charrier et al., 2002). For example, zygotic mutations in zebrafish cyc and oep result 
in the lack of the floor plate, in spite of the presence of notochord expressing shh 
(Strahle et al., 1997; Schier et al., 1997). On the other hand, mutations in the flh and 
ntl genes, which are required for the formation of the notochord, result in embryos 
that exhibit a patchy to wider floor plate, respectively (Halpern et al., 1997). 
Furthermore, medial floor plate cells are not abolished by mutations in the zebrafish 
shh gene (Schauerte et al., 1998), or in its receptor smoothened (Chen et al., 2001; 
Varga et al., 2001), or by abrogation of Hh signaling using antisense knockdown with 
morpholino-modified oligomers (Lewis and Eisen, 2001; Etheridge et al., 2001). 
Therefore, an alternative model proposes that the floor plate is induced in the 
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organizer-derived midline precursor cells which give rise to both notochord and floor 
plate (Le Douarin and Halpern, 2000; Charrier et al., 2002). This model predicts that 
floor plate induction takes place early during gastrulation. A fundamental question 
regarding the induction of the floor plate is the time at which this event takes place. 
Because embryos homozygous for the temperature-sensitive mutation cycsg1 have 
medial floor plate cells at the permissive temperature and lack them at the restrictive 
temperature, we designed a series of temperature-shift experiments using cycsg1 allele 
to address the timing of floor plate induction in zebrafish. 
4.2 CYCLOPS FUNCTION IS ESSENTIAL AT MID-GASTRULA 
STAGES FOR INDUCTION OF THE FLOOR PLATE 
4.2.1 The Temperature Shift-Up Assay 
Embryos collected from matings of cycsg1 /+ heterozygous fish were incubated at 
22oC and shifted to 28.5oC (22-28 shift) to abrogate Cyclops function at various 
stages of gastrulation and segmentation. In these temperature shifts, the floor plate 
precursors should develop until the point in embryogenesis when Cyclops is essential. 
Interestingly, cycsg1 mutant embryos shifted to 28.5oC at early gastrula stages (50% 
and 60% epiboly) did not develop any medial floor plate cells (n=42) as assessed by 
expression of different floor plate markers, twhh, shh, F-spondin2 and col2a1 at 100% 
epiboly (for twhh) or at 24hpf (for shh, F-spondin2 and col2a1) (Table 4.1; Figure 
4.1). However, 22-28 shifts that were performed during midgastrula stages (75% 
epiboly) resulted in the presence of medial floor plate cells in about 38.1% of mutant 
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Table 4.1 Temperature shift-up experiments from 22oC to 28.5oC at different 






























81 14 17.3% 0 0 
22oC-28oC at 
75%epiboly 
















84 13 15.5% 13 100% 
22oC-28oC at  
6 somites 
 




66 10 15.6% 10 100% 
22oC-28oC at 
 10 somites 
 
36 6 16.7% 6 100% 
28oC 394 93 23.6% 0 0 
 
 
Embryos collected from matings of cycsg1 /+ heterozygous fish were incubated at 
22oC, at regular intervals from 50% epiboly to 10-somite stages; embryos at 22oC 
were shifted to 28.5oC. These embryos were fixed at 100% epiboly or prim-5 stage for 
in situ hybridization analysis with twhh and shh as early floor plate markers, and F-
spodin2 and col2a1 as markers for differentiated floor plate cells. All embryos were 
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Figure 4.1 Temperature shift-up experiments show that floor plate can be 
rescued before 75% epiboly at 22oC. 
(A) In shift-up experiments, cycsg1 mutant embryos were shift from from 22oC to 
28.5oC and kept at 28.5oC until 24hpf. When the shift-ups were done after 75% 
epiboly, cycsg1 mutant embryos show rescued floor plate cells. If the shift-ups 
occurred after gastrulation, all mutant embryos exhibited rescued floor plate cells. (B) 
Patches of shh-expression (shh+) floor plate cells when the shift-ups were done before 
80% epibloy (B), which increased significantly if the shift-ups were performed after 
80% epiboly and segmentation (C). (B, C) Prim-5 stage embryos, lateral view with 
anterior to the left, shh as medial floor plate marker. All embryos were confirmed by 
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to 10-somites stages), 75% of mutant embryos have rescued floor plate cells (n=110; 
genotype confirmed by PCR). When the 22-28 shifts were performed during 
segmentation, 100% of cycsg1 mutant embryos had rescued medial floor plate cells 
(Table 4.1; Figure 4.1). 
According to our observations, the penetrance of the mutant phenotypes decreases in 
the progeny of older females. This has also been observed in bozozok mutants 
(Fekany et al., 1999). Hence, the larger proportion of embryos derived from older 
heterozygous cycsg1 females show rescued floor plate cells compared to the embryos 
derived from younger heterozygous cycsg1 females. The cycsg1 progeny used for 
temperature-shift experiments were from both young and old females, in table 4.1 and 
table 4.2, for 22oC control, 73.9% of mutant progeny had rescued floor plate cells. 
Later, in temperature-pulse experiments, all progeny used for these analyses were 
derived from older females, thus at 22oC, we could observe 100% mutant embryos 
with rescued floor plate cells. 
4.2.2 The Temperature Shift-down Assay 
Conversely, embryos collected from matings of cycsg1/+ heterozygous fish were 
incubated at 28.5oC, and shifted down to 22oC (28-22 shift) at various stages of 
development to determine if medial floor plate cells could be rescued by Cyc+ 
activity. When 28-22 shifts were performed at early to mid-gastrula stages (50% 
epiboly to 75% epiboly), about 60% of mutant embryos exhibited medial floor plate 
cells (n=94; genotype confirmed by PCR) when analysed with different floor plate 
markers (Table 4.2; Figure 4.2). The proportion of mutant embryos with rescued floor 
plate cells decreased when shifts were performed later in gastrulation. A 28-22 shift-
down after 80% epiboly failed to induce any medial floor plate cells (n=188), similar 
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to embryos incubated at 28.5oC alone (n=93) (Table 4.2; Figure 4.2). These results 
suggest that Cyclops is required for inducing the floor plate between 70% and 80% 
epiboly. 
Interestingly, we found that cycsg1 mutant embryos that were shifted down to 22oC at 
50% or 60% epiboly showed a complete floor plate and ventral neural tube, 
throughout the entire length of the neuraxis at 24hpf (Figure 4.2B), whereas shift-
down at later stages resulted in the rescue of patches of floor plate cells in 24 hpf 
mutant embryos (Figure 4.2C). The patches were distributed throughout the length of 
the neuraxis, regardless of the stage at which embryos were shifted. In addition, 
embryos from 28-22 shift-down experiments at mid-gastrula stages typically showed 
longer stretches of cells expressing floor plate markers than embryos from 22-28 
shifts (Figure 4.1B and Figure 4.2C). These results suggest that Cyclops function may 
be required for induction of the floor plate from its precursors early during 
gastrulation, and, subsequently, for the complete development of the floor plate along 
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Table 4.2 Temperature shift-down experiments from 28.5oC to 22oC at different 





                            
    Total  
      (T) 
Mutant  
   (M) 
% mutant  
(M/T) 
 





with FP cells 
(N/M) 
22oC control 352 69 19.6% 51 73.9% 
28oC-22 oC at 
50%epiboly 
 




195 33 16.9% 26 78.8% 
28oC-22oC at 
75%epiboly 
























74 19 25.6% 0 0 
28oC-22oC at 
 10 somites 
 
62 15 24.2% 0 0 
28oC control 394 93 23.6% 0 0 
 
 
Embryos collected from matings of cycsg1 /+ heterozygous fish were incubated at 
28.5oC, at regular intervals from 50% epiboly to 10-somite stages; embryos at 28.5oC 
were shifted to 22oC. These embryos were fixed at 100% epiboly or prim-5 stage for 
in situ hybridization analysis by using twhh and shh as early floor plate markers, and 
F-spondin2 and col2a1 as markers for differentiated floor plate cells. All embryos 
were confirmed by PCR genotyping.  
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Figure 4.2 Temperature shift-down experiments reveal that floor plate is induced 
during gastrulation before 80% epiboly. 
(A) In shift-down experiments, cycsg1 mutant embryos were shift from from 28.5oC to 
22oC and kept at 22oC until 24hpf. When the shift-downs were done before 80% 
epiboly, cycsg1 mutant embryos showed rescued floor plate cells. (B) cycsg1 mutants 
shifted down at 50% and 60% epiboly  and kept at 22oC  until 24hpf had complete 
expression of shh in floor plate. (C) The number of embryos with shh+ floor plate 
cells, and the extent of rescue, decreased if the shift-down was performed later during 
gastrulation (A). (B, C) Prim-5 stage embryos, lateral view with anterior to the left, 
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4.3 CONTINUAL CYCLOPS SIGNALING IS REQUIRED 
DURING GASTRULATION FOR FORMATION OF A 
COMPLETE FLOOR PLATE 
To confirm the 22-28 shift-up and 28-22 shift-down observations that the floor plate 
inducing activity of Cyclops is essential during mid-gastrulation, we investigated 
whether a transient pulse at the permissive temperature during mid-gastrulation was 
sufficient for induction of the floor plate, or conversely, if a brief incubation at the 
restrictive temperature could abrogate floor plate fates in cycsg1 mutant embryos. 
Embryos collected from matings of cycsg1/+ heterozygous fish were incubated at 
28.5oC throughout gastrulation, (fixed at 100% epiboly and processed for twhh 
expression as a floor plate precursor marker), or throughout gastrulation and 
segmentation, (fixed at prim-5 stage and processed for shh expression as a floor plate 
differentiation marker), with a brief shift-down period at 22oC during mid-gastrulation 
period. 80.9% of the mutant embryos (twhh as a floor plate marker) and 93.1% of the 
mutant embryos (shh as a floor plate marker) that were incubated at 22oC between 
70% and 80% epiboly showed rescued medial floor plate cells (Table 4.3; Table 4.4; 
Figure 4.3A,D,H). However, the extent of rescue as determined by shh expression at 
prim-5 stage was usually patches of three or four cells, throughout the length of the 
neuraxis (Figure 4.3H). When the 22oC pulse was given between 60% and 90% 
epiboly, all cycsg1 mutant embryos (n=11 for twhh marker and n=17 for shh marker) 
showed rescued medial floor plate cells (Table 4.3; Table 4.4; Figure 4.3 A,B,F). 
Furthermore, the cycsg1 mutant embryos kept at 22oC between 60%-90% epiboly 
showed longer stretches of cells expressing shh (Figure 4.3F), with a complete floor 
plate in the trunk in all mutant embryos. 
  


























22oC 89 15 16.8% 15 100% 
28oC -22oC-28oC at 
60% - 90% epiboly 
(6hr) 
 
94 11 11.7% 11 100% 
28oC -22oC-28oC at 
70% - 80% epiboly 
(2hr) 
 
92 21 22.8% 17 80.9% 
22oC-28oC-22oC at 
 60% - 90% epiboly 
(3hr) 
 
92 25 27.1% 0 0 




124 28 22.6% 10 35.7% 
28oC 75 18 24% 0 0 
 
 
Embryos collected from matings of cycsg1 /+ heterozygous fish were incubated at 
28.5oC throughout gastrulation with a brief shift-down from 28.5oC to 22oC between 
70% to 80% epiboly (duration is 2hr) and 60% to 90% epiboly (duration is 6hr). Vice 
verse, embryos collected from matings of cycsg1 /+ heterozygous fish were incubated 
at 22oC throughout gastrulation with a brief shift-up from 22oC to 28.5oC between 
70% to 80% epiboly (duration is 1hr) and 60% to 90% epiboly (duration is 3hr). 
Embryos were fixed at 100% epiboly for twhh staining. All embryos were confirmed 

































22oC 101 18 17.8% 18 100% 
28oC -22oC-28oC at 
60% - 90% epiboly 
(6hr) 
 
138 17 12.3% 17 100% 
28oC -22oC-28oC at 
70% - 80% epiboly 
(2hr) 
 
136 29 21.3% 27 93.1% 
22oC-28oC-22oC at 
60% - 90% epiboly 
(3hr) 
 
113 24 21.2% 0 0 
22oC-28o C-22oC at 
70% - 80%epiboly 
(1hr) 
 
144 30 20.8% 9 30% 
28oC 100 28 28% 0 0 
 
 
Embryos collected from matings of cycsg1 /+ heterozygous fish were incubated at 
28.5oC throughout gastrulation and segmentation, with a brief shift-down from 28.5oC 
to 22oC between 70% to 80% epiboly (duration is 2hr) and 60% to 90% epiboly 
(duration is 6hr). Vice verse, embryos collected from matings of cycsg1 /+ 
heterozygous fish were incubated at 22oC throughout gastrulation and segmentation, 
with a brief shift-down from 22oC to 28.5oC between 70% to 80% epiboly (duration is 
1hr) and 60% to 90% epiboly (duration is 63r).  Embryos were fixed at prim-5 for shh 
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Figure 4.3 Temperature pulse experiments reveal the precise time window of 
floor plate induction.  
(B-E) twhh expression at 100% epiboly embryos, dorsal view, (F-I) shh expression in 
prim-5 stage embryos, lateral view and anterior to the left. (A) While incubation at 
22oC between 70% and 80% epiboly (2hr) was sufficient to induce floor plate fates in 
more than 90% mutant embryos, the extent of rescue was groups of cells distributed 
throughout the neuraxis (D,H). Maximal rescue was observed in the embryos kept at 
22oC between 60% and 90% epiboly (6hr) (A, B, F). In the converse experiments, 
embryos pulsed at the restrictive temperature (28.5oC) showed very few (A, E, I) floor 
plate cells in the 70% to 80% interval (1hr) or no floor plate cells (A,C,G) if pulse at 





Conversely, when embryos collected from matings of cycsg1 /+ heterozygous fish were 
incubated at 22oC throughout gastrulation or gastrulation and segmentation, with a 
brief incubation at 28.5oC between 70% to 80% epiboly, only 35.7% (10/28 for twhh 
marker) and 30% (9/30 for shh marker) of cycsg1 mutant embryos showed rescued 
medial floor plate cells by using twhh and shh as floor plate markers (Table 4.3; Table 
4.4; Figure 4.3A,E,I). The number of cells expressing twhh or shh were also fewer, 
with large gaps between patches of floor plate cells (Figure 4.3E,I). When the 28.5oC 
pulse was given between 60% and 90% epiboly, all mutant embryos (n=25 for twhh 
marker and n=24 for shh marker) lacked medial floor plate cells (Table 4.3; Table 4.4; 
Figure 4.3C,G). Thus, although a transient pulse of Cyclops signaling between 70% 
and 80% epiboly is sufficient to initiate floor plate fates, continuous Cyclops 
signaling is required between 60% and 90% epiboly for complete floor plate 













Figure 4.4 The timing window of floor plate specification.  
The abrogation of Cyclops signaling in cycsg1 temperature-sensitive mutant embryos at 
various stages of early development reveals the crucial window for Cyclops function in 
specifying the zebrafish medial floor plate is during gastrulation. Cyclops signaling 
between 70% epiboly to 80% epiboly is sufficient to specify floor plate fates. 
Continuous Cyclops signaling between 60% epiboly to 90% epiboly is required for a 








50% 60% 70% 75% 80% 90% 100% 1 cell stage 
28oC-22oC shift-down 
Gastrulation stage 
1 cell stage 
FP rescue 
50% 60% 70% 75% 80% 90% 100% 24h … 
50% 60% 70% 80% 90% 
Induction of floor plate 
Required for a complete floor plate 
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4.4 INDUCTION AND FORMATION OF A COMPLETE FLOOR 
PLATE REQUIRES HIGH LEVELS OF CYCLOPS SIGNALING 
4.4.1 High Levels of Cyclops/Nodal Signaling are Required For Specification of 
The Floor Plate  
Ectopic overexpression experiments in zebrafish and Xenopus have suggested that 
different levels of Nodal signaling pattern the organizer, with high levels required for 
specification of the anterior organizer fates (prechordal plate mesendoderm), and 
lower levels for posterior (notochord) fates (Jones et al., 1995; Gritsman et al., 2000).  
Nodal factors are thought to act in a morphogen gradient to induce different cell types 
in the embryo organizer/midline. To determine if the level of Nodal signaling is 
important for the specification of floor plate, we overexpressed wild-type cyc+ and 
wild-type sqt+ mRNA in WT embryos. Low doses of cyc+ (0.05pg, 42.8%) and sqt+ 
(0.05pg, 29.2%) are sufficient to produce ectopic domains of the notochord marker, 
flh (Table 4.5; Table 4.6; Figure 4.5B). However, low doses (0.05pg) of both cyc+ and 
sqt+ mRNA cannot induce the ectopic expression of the prechordal plate marker gsc 
or the floor plate marker twhh (0% for each mRNA injection) (Table 4.5; Table 4.6; 
Figure 4.5F,J). When the mRNA injection dose was increased to 0.5pg, 25.5% of cyc+ 
mRNA-injected embryos and 66.7% of sqt+ mRNA-injected embryos showed 
expanded expression of the prechordal plate marker gsc. Similarly, 19.1% of cyc+ 
mRNA-injected embryos and 46.7% of sqt+ mRNA-injected embryos showed 
expanded expression of the medial floor plate marker twhh (Table 4.5; Table 4.6; 
Figure 4.5G,K). When the injected doses were higher (5pg), more injected embryos 
(70.1% for cyc+ mRNA and 83.3% for sqt+ mRNA) showed expanded expression of  
 
  






Table 4.5 Overexpression of different tissue markers by cyc+ mRNA injection 
 
 
Concentration of cyc+ mRNA 

























flh 147 63 42.8% 77 35 45.5% 21 15 71.4% 
gsc 63 0 0% 47 12 25.5% 77 54 70.1% 






Different doses of cyc+ mRNA were injected into WT embryos at the 1-cell stage and 
raised at 28.5oC. At 50% epiboly, the injected embryos were fixed for in situ 
hybridization to check for expanded expression of different markers, using flh as a 


























Table 4.6 Overexpression of different tissue markers by sqt+ mRNA injection 
 
 
Concentration of sqt+ mRNA 

























flh 24 7 29.2% 27 22 81.5% 23 22 95.7% 
gsc 38 0 0% 33 22 66.7% 24 20 83.3% 






Different doses of sqt+ mRNA were injected into WT embryos at the 1-cell stage and 
raised at 28.5oC. At 50% epiboly, the injected embryos were fixed for in situ 
hybridization to check the expanded expression of different markers, using flh as a 




































Figure4.5 Overexpression of the early floor plate gene, twhh, requires higher 
levels of Cyclops/Nodal signaling. 
(A-L) Dorsal view at 50% epiboly. (A-D) flh as notochord marker; (E-H) gsc as 
prechordal plate marker; (I-L) twhh as floor plate marker. (A, E, I) Control embryos 
show expression of all marker genes in the shield. Overexpression of 0.05pg of cyc+ 
RNA results in expansion of the flh domain (B), but not of gsc (F) or twhh (J). 
Injections of higher doses of cyc+ RNA result in expansion of the gsc (G, H) and twhh 






control +cyc, 0.05pg +cyc, 0.5pg +cyc, 5pg 
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the prechordal plate marker gsc. Similarly, 100% of cyc+ mRNA-injected embryos 
and 92.3% of sqt+ mRNA-injected embryos showed the expanded expression of the 
the medial floor plate marker twhh. In addition, the expanded regions for gsc and twhh 
expression are wider compared to 0.5pg injected embryos (Table 4.5; Table 4.6; 
Figure 4.5H,L). Thus, like prechordal plate, the specification of floor plate also 
requires higher levels of Cyclops/Nodal signaling. 
4.4.2 One Functional Allele of Cyclops is Sufficient for The Initial Development 
of The Floor Plate    
To investigate the function of Cyclops signaling in floor plate induction further, we 
generated compound mutants using the temperature-sensitive allele cycsg1, the null 
allele of cycm294 and another zebrafish nodal-related mutant, sqtcz35.  The embryos 
obtained from matings of cycsg1 /+, cycsg1 /+; sqtcz35 /+, cycsg1 /+ with cycm294 /+, or 
cycsg1 /+; sqtcz35 /+ with cycm294 /+; sqtcz35 /+ heterozygous fish respectively, were 
raised at 22oC or 28.5oC separately until prim-5 stage and fixed for double in situ 
hybridization with shh to detect the floor plate and hgg1 to detect the prechordal plate. 
Since shh expression in medial floor plate is absent in cyc null allele mutant embryos 
(shown as shh-; hgg1+), sqt mutant embryos have severe defects in prechordal plate 
(shown as shh+;hgg1-) and cyc;sqt double mutants lack not only the prechordal plate 
but also most mesendodermal derivatives as well as the floor plate (shown as shh-; 
hgg1-). Although all mutant embryos (38/186 genotype cycsg1/ cycsg1; confirmed by 
PCR) from cycsg1 /+ matings at 22oC had a complete floor plate (shh+; hgg1+) (Table 
4.7; Figure 4.6A), 4/79 (5.1%) mutant embryos from mating cycsg1 /+ with cycm294 /+ 
at 22oC had no shh expression in the floor plate (shh-; hgg1+), and 18/79 (22.8%) 
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mutant embryos were shh+, but showed several gaps in shh expression in the floor 
plate domain (genotype cycsg1/ cycm294; confirmed by PCR) (Table 4.7; Figure 4.6B). 
Similarly, although 9/190 embryos (4.7%) at 22oC from the cycsg1 /+; sqtcz35 /+ mating 
did not express both shh and hgg1 (shh-;hgg1-, genotype of cycsg1/ cycsg1; sqtcz35 / 
sqtcz35 double mutants, confirmed by PCR), clutches obtained from matings of cycsg1 
/+; sqtcz35 /+ and cycm294 /+; sqtcz35 /+ fish showed a higher proportion of shh-; hgg1- 
double mutant embryos (21/341; 6.2%) at 22oC (Table 4.7; Figure 4.6C,D). In 
addition, 68/254 (26.8%) embryos at 22oC from matings of cycsg1 /+; sqtcz35 /+ and 
cycm294 /+; sqtcz35 /+ were shh+; hgg1+, but showed several gaps in the expression of 
shh in the floor plate domain (genotype of cycsg1/ cycm294; sqtcz35 / sqtcz35 confirmed by 
PCR). This is in comparison with no gaps in the floor plate domain of shh+; hgg1+ 
mutant embryos kept at 22oC from cycsg1/+; sqtcz35/+ matings (36/141, 25.5%, 
genotype of cycsg1/ cycsg1; sqtcz35 / sqtcz35, confirmed by PCR). The floor plate in the 
trunk was also complete in all hgg1-; shh+ homozygous sqt mutant embryos (n=188). 
Therefore, we hypothesized that although one copy of cycsg1 is sufficient for the initial 
development of the floor plate from its precursor, it is not sufficient for a complete 
ventral neural tube along the length of the neural axis. Furthermore, deficiencies in 
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Table 4.7 One functional allele of cyc is enough to develop floor plate 
 




















          
28.5  223 169 75.8 54 24.2 0 0 0 0 
          
cycsg1 /+ 
x 
cycsg1 /+ 22 186 186 100.0 0 0 0 0 0 0 
           
28.5 100 71 71.0 29 29.0 0 0 0 0 
          
cycsg1/+ 
x 
cycm294/+ 22 79 75 94.9 4 5.1 0 0 0 0 
           
28.5 315 167 53.0 69 21.9 57 18.1 22 7.0 
          
sqtcz35/+;cycsg1/+  
x 
sqtcz35/+;cycsg1/+ 22 190 141 74.3 0 0 40 21.1 9 4.7 
           
28.5 209 123 58.8 38 18.2 34 16.3 14 6.7 
          
sqtcz35/+;cycsg1/+ 
x 
sqtcz35/+;cycm294/+ 22 341 254 74.5 9 2.6 57 16.7 21 6.2 





Embryos from matings of cycsg1 /+, cycsg1 /+ with cycm294 /+, cycsg1 /+; sqtcz35 /+, cycsg1 
/+; sqtcz35 /+ with cycm294 /+; sqtcz35 /+ heterozygous fish were maintained at 22oC or 
28.5oC, and analysed for shh expression to determine the extent of floor plate, and 
hgg1 expression for prechordal plate mesendoderm at prim-5 stage. All embryos were 
scored by shh; hgg1+ (WT-like), shh-; hgg1/+ (cyc-like), shh+; hgg1- (sqt-like) and 
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Figure 4.6 Specification of floor plate cells in dependent on high levels of Cyclops 
signaling. 
(A) Mutants homozygous for cycsg1 showed the expected proportion of embryos with 
shh- floor plate at 28.5oC, whereas at 22oC, all mutant embryos were shh+ for the 
floor plate through the entire length of the ventral neuraxis (n=38/186).  (B) Embryos 
harboring  one  null copy of cyc in combination with one copy of cycsg1 showed a 
small  proportion  of  mutant  embryos  with  no shh  expression  in  the floor plate 
domain, even at 22oC (n=4/79).  However, the proportion of shh- embryos at 22oC 
was always lesser than that seen in the siblings, from the same mating maintained at 
28.5oC. In addition, 18 mutant embryos at 22oC showed patches of shh+ floor plate 
cells. (C) In embryos from matings of cycsg1; sqtcz35  trans-heterozygotes,  at 22oC no 
shh-; hgg1+   embryos  (genotype  cyc)  were  detected,  compared  to  17%  in  the 
siblings  kept  at  28.5oCn=67/315). In addition, the  proportion of embryos that were 
lacking both  shh  and  hgg1  expression  is  significantly  less  at  22oC  than  that  
seen  in embryos from the same clutches kept at 28.5oC. (D) In comparison to C, shh-; 
hgg1+embryos were seen in matings of cycsg1; sqtcz35 with cycm294; sqtcz35 
heterozygotes even at 22oC.  In addition, the proportion of shh-; hgg1- embryos was 
comparable to that seen in siblings from the same mating at 28.5oC. The genotype for 
each embryo was confirmed by PCR. 
 
  









THE MOLECULAR BASIS OF THE TEMPERATURE-
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5.1 BACKGROUND 
By non-complementation screening of cyc, we isolated a new allele of cyc that 
harbors a temperature-sensitive mutation, called cycsg1. At 28.5oC (non-permissive 
temperature), cycsg1 mutants show classic cyc phenotypes of fused eyes, ventral 
curvature and absence of the floor plate. However, at 22oC (permissive temperature), 
cycsg1 mutants show variability in the fusion of the eyes and in ventral curvature (V1-
V5). Expression of the midline marker shh in cycsg1 embryos also indicates that floor 
plate is rescued at 22oC (V1-V5). The detailed analysis of cycsg1 mutant by using 
different mesendoderm, ventral neural tube and motorneuron markers further reveals 
that unlike other null alleles of cyc, cycsg1 is functional at the permissive temperature 
(22oC). Temperature-sensitive phenotypes have traditionally been believed to result 
from specific mutations that affect the stability of a folded protein. Thus, a 
temperature sensitive phenotype is usually caused by missense mutations that do not 
seriously affect the biological activity of a protein, but result in reduced thermal 
stability. Such proteins become denatured at temperatures that do not affect the 
corresponding wild-type proteins. However, when the mutant strains are maintained at 
a lower temperature, the proteins are still able to function reasonably well, such that 
mutant phenotypes are usually mild or not observed at all (Suzuki, 1970; Moir et al., 
1982; Jonhson and Weston, 1995). Interestingly, the molecular lesion in cycsg1 is a 
transversion which results in a premature stop codon in the pro domain and is 
predicted to produce a truncated Cyc protein. The receptor-binding functional moiety 
of TGF family proteins is thought to lie within the C terminus mature domain 
(Kingsley, 1994), and this region should be lacking in the Cycsg1 mutant protein. 
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However, cycsg1 is functional at 22oC. Thus investigating the temperature-sensitive 
basis of the Cycsg1 mutation is useful for the analysis of Cyc protein function.      
5.2 ANALYSIS OF THE ALTERNATIVE SPLICE SITE IN THE 
CYCSG1 MUTATION 
RNA splicing is a process that removes introns and joins exons in a primary 
transcript. An intron usually contains a clear signal for splicing. In some cases, a 
splicing signaling may be masked by a regulatory protein, resulting in alternative 
splicing. Alternative splicing is often regulated in a temporal or tissue-specific 
fashion, giving rise to different protein isoforms in different tissues or at different 
developmental stages. Since cyc genomic DNA includes two introns, one in the pro-
domain before the cycsg1 mutation site and the other in the mature domain (Figure 
5.1A), we asked if an alternative splicing site was used in the cycsg1 mutant at 22oC to 
produce a different Cyclops protein isoform which is functional at 22oC. Total RNA 
extracted from cycsg1 mutant embryos and WT siblings at shield stage at 22oC was 
used for RT-PCR. RT-PCR products revealed that the precursor forms of cycsg1 
mRNA were identical in size with those of the WT siblings, both produced a single 
1.8 Kb band (1.5 Kb cyc coding region plus 0.3 Kb cyc 3’UTR, confirmed by 
sequencing) (Figure 5.1B). The sequences from these two RT-PCR products further 
confirmed that there were no changes between cycsg1 mutants and WT siblings. It thus 
indicated that alternative splicing site was not used in cycsg1 mutant RNA at 22oC to 
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Figure 5.1 An alternative splicing site does not occur in cycsg1 mutant mRNA at 
22oC. 
(A) Two introns are present in cyc genomic DNA. One is in the pro-domain, before 
the cycsg1 mutant stop codon, the other one is in the mature domain. (B) RT-PCR 
revealed that only a single 1.8 Kb band was amplified from cycsg1 mutant mRNA at 
22oC. (1 and 7, 1Kb ladder; 2, negative control; 3, positive control by using cyc 
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5.3 INVESTIGATION OF AN ALTERNATE START SITE IN 
CYCSG1 MUTANT 
In cyc cDNA, an alternate start site (Met 336) is present within the pro-domain after 
the cycsg1 mutant stop codon (Figure 5.2A). This suggests the possibility that the N 
terminus-truncated Cyc protein generated from this site is stable and functional in 
zebrafish embryos at 22oC. To investigate this possibility, the amino acid Met336 was 
substituted by Val336 in both cyc+ and cycsg1 cDNA. cyc+ mRNA, cyc336val  mRNA, 
cycsg1 mRNA and cycsg1336val mRNA were then individually injected into wild-type 
embryos at 28.5oC and 22oC respectively. The injected embryos were fixed at the 5-
somite stage to examine the shh expression domain. Microinjection of in vitro 
synthesized cyc336val mRNA into wild-type embryos resulted in expansion of shh-
expression domains at 28.5oC (86% embryos) and 22oC (88% embryos), similar to the 
injection of cyc+ mRNA (80% embryos at 28.5oC; 82% embryos at 22oC) (Figure 
5.2B). Microinjection of cycsg1336val mRNA into wild-type embryos at 28.5oC did not 
induce the expansion of shh-expression domains, Similar to the injection of cycsg1 
mRNA at 28.5oC. However, the change of Met to Val in cycsg1 mRNA did not abolish 
Cycsg1 function at 22oC, which is still able to induce the expansion of shh-expression 
domains (52% embryos), similar to the injection of cycsg1 mRNA at 22oC (66% 
embryos) (Figure 5.2; Figure 3.7). The above results indicate that the function of 
Cycsg1 at 22oC is not due to the amino acid Met336 which is thought to act as an 









              
 
 
Figure 5.2 Alternate translation initiation at Met336 cannot explain the function 
of cycsg1 at 22oC. 
(A) An alternate start site is present in the pro-domain of Cyc. Black arrowhead 
indicates the site of the Cycsg1 point mutation which causes Arg to change to a stop 
codon; red arrowhead shows the second ATG site. (B) The change of Met336 to 
Val336 cannot abolish Cycsg1 function at 22oC. Overexpression of cycsg1336val mRNA 
in wild-type embryos  results  in  expansion  of  the  axis  at  22oC  but not at 28.5oC,  
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5.4 ANALYSIS OF READTHROUGH MECHANISM IN CYCSG1 
MUTANT 
Translational termination is a crucial step in the process of information decoding and 
is determined by the three stop codons (UAA, UGA and UAC). The termination 
process is very efficient and its accuracy reaches about 10-4 and ensures that only very 
few abnormal products are synthesized under normal conditions (Kirkwood et al., 
1986). Translational readthrough has been studied widely in mammalian cells (Laski 
et al., 1982; Hryniewicz and Vonder Harr 1883; Phillips-Jones et al., 1995), yeast 
(Namy et al., 2001), and also in Drosophila (Steneberg and Samakovlis, 2001). 
Readthrough is the process by which a stop codon is misread as a sense codon by the 
translational apparatus, allowing the synthesis of an extended polypeptide which 
carries novel activities (Atkins et al., 1990). Since cycsg1 produces a point mutation 
which changes Arg to a stop codon, we asked if a translational readthrough 
mechanism similar to that described above may function at 22oC, the permissive 
temperature for cycsg1, allowing Cyc to function at this temperature. 
To detect wild-type and mutant Cyclops protein, an HA epitope was fused after the 
signal sequence, between Phe21 and Asp22  in the Cyc pro-domain, and a FLAG 
epitope was fused in the Cyc mature region after the cleavage site, between Val385 
and Arg386 (Figure 5.3A). When the doubly tagged construct pCS2-HA-cyc+-FLAG 
was transfected into Cos7 cells, Cyc+ protein could be detected by both HA and 
FLAG antibody (Figure 5.3B,C). However, in Cos7 cells transfected with the 
plasmids pCS-HA-cycsg1-FLAG, HA antibody can detect truncated Cyc protein, but 
FLAG antibody was unable to detect Cyc+ protein (Figure 5.3D,E).  
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Figure 5.3 Expression of Cyc protein in COS7 cells at 37oC. 
(A) An HA tag was fused to the Cyc pro-domain after the leader signal sequence; a 
FLAG tag was fused to the Cyc mature domain after the cleavage site. (B-E) Cos7   
cells were transfected with pCS2-HA-cyc+-FLAG (B, C) and pCS2-HA-cycsg1-FLAG 
(D, E). (B, C) Cyc protein can be detected by HA (B) and FLAG (C) antibodies. (D, 
E)The truncated Cyc protein can be detected by the HA antibody (D), and not by the 







Chapter V      The Molecular Basis of The Temperature-sensitive phenotype in cycsg1 Mutants       145        
To detect Cyc protein in embryos, synthetic mRNA encoding HA-cyc+-FLAG or HA-
cycsg1-FLAG was injected into 1-cell stage WT embryos, and animal caps were 
dissected at late blastula stage. Animal caps were cultured at 28.5oC or 22oC 
separately, and processed for detection of the HA or FLAG epitope. At 22oC, both 
HA and FLAG can be detected in animal caps injected with mutant HA-cycsg1-FLAG 
mRNA, (Figure 5.4C,G), similar to the animal caps injected with wild-type HA-cyc+-
FLAG mRNA at 22oC (Figure 5.4B,F). By contrast, at 28.5oC, only truncated Cyclops 
protein can be detected by HA antibody (Figure 5.4D), whereas cycsg1-FLAG is not 
detected (Figure 5.4H). The fact that the Cycsg1 mutant protein can be detected at 
22oC but not at 28.5oC indicates that a readthrough mechanism does occur in cycsg1 
mutant embryos at the permissive temperature to allow Cycsg1 function. 
The stop codon introduced by the cycsg1 mutation is a UGA. Besides acting as a 
translational termination signal, UGA also serve as the code for selenocysteine (Sec), 
the 21st amino acid (Tate et al., 1999).  Stop codon-dependent readthrough events 
have been described in both in prokaryote and eukaryotes, where suppression of a 
UGA stop codon is mediated by the insertion of selenocysteine (Farabaugh, 1997). To 
further investigate the readthrough mechanism in cycsg1 mRNA, we tested whether the 
readthrough is UGA stop codon-dependent. In cycsg1 cDNA, the TGA stop codon was 
replaced by TAG or TAA stop codon at position amino acid 285. Microinjection of in 
vitro synthesized cyc285TAG and cyc285TAA mutant mRNA into wild-type embryos 
results in expansion or duplication of shh expression domain at 22oC (40.5% embryos 












Figure 5.4 Expression of Cyc protein in animal cap explants at 22oC and 28.5oC. 
(A-H) Animal cap explants from wild-type embryos which were injected with HA-
cyc+-FLAG RNA or HA-cycsg1-FLAG RNA were incubated at 22oC or 28.5oC,  
immunostaining  was carried by HA antibody (A-D) or FLAG antibody (E-H). (A, E) 
At 28.5oC, no wild-type Cyc protein was detected in control explants or in explants   
cut from embryos injected with HA-cycsg1-FLAG RNA (H). Cyc protein can be 
detected in explants cut from embryos injected with HA-cycsg1-FLAG RNA using HA 
and FLAG antibody at 22oC (C, G) similar to the explants cut from the embryos 
injected with HA-cyc+-FLAG RNA at 28.5oC (B, F), whereas only truncated Cyc 
protein can be detected by HA antibody in explants cut from embryos injected with 
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injection of cycsg1 mutant mRNA (85.6%) (Table 5.1). By contrast, at 28.5oC, similar 
to embryos injected with cycm294 mutant mRNA, embryos injected with cycsg1, 
cyc285TAG and cyc285TAA mutant mRNA with different stop codons at position amino 
acid 285 do not induce any expansion or duplication of shh expression domain (Table 
5.1). Therefore, this suggests that readthrough in cycsg1 mutant mRNA is very likely 





Table 5.1 Overexpression of various stop codon mutant mRNA results in 
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   Total 
(N) 
Number of embryos with  
expansion or duplication of  shh  
expression domain (%) 
152  94.8 
cyc+ 22
oC 













































10 pg of cyc+, cycm294 and cycsg1, cyc285TAG or cyc285TAA mRNA were injected into WT 
embryos at the 1-cell stage, and the injected embryos were raised at 22oC or 28.5oC 
until the 6-somite stage. The embryos were fixed for in situ hybridization to check shh 
expression domain. 
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6.1 BACKGROUND 
Most TGFβs are synthesized as proproteins that are biologically inactive until being 
proteolytically processed at R-X-X-R consensus sequences by subtilisin-like 
proprotein convertases, and functional mature domains are released (Kingsley, 1994). 
Since TGFβ proteins dimerize covalently using a cysteine residue in the mature 
region (Serra 2002), it is not clear if the pro-domain of the TGFβ related protein 
exerts any biological function. The pro-domain of TGFβ is poorly conserved across 
different family members (Gray and Mason 1990). Early studies in activin A and 
TGFβ1 suggest that the pro-domain appears to be required for the folding and 
assembly of TGFβ dimers (Gray and Mason 1990). Mature TGFβ is well known to be 
secreted by most cell types in noncovalent association with the disulfide-linked 
homodimer of its pro-domain masking the activity of TGFβ and prolonging its in vivo 
half-life (Gentry et al., 1988; Miyazono et al., 1988; Wakefield et al., 1988, 1990). 
Similar studies of Vg1, another Nodal ligand, also show that the pro-domain is a key 
determinant in regulating secretion, processing efficiency, and/or turnover of mature 
Vg1 (Tannahill and Melton, 1989; Thomsen and Melton, 1993). In early vertebrate 
development, members of the Nodal signaling pathway mediate many inductive 
events. To exert these biological functions, Nodal and Nodal-related proteins activate 
the Activin-like signaling pathway in which Nodal ligands bind to receptors leading to 
phosphorylation of Smads. In this pathway, Nodals interact with different ligands to 
form heterodimers, inhibitors to antagonize Nodal signals, and receptors to initiate 
Nodal signaling pathway. Whether the pro-domain of Nodal-related factors are 
involved in these biological functions remains unclear. Carrying out a detailed 
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analysis of the Cyclops pro-domain may reveal activities that have not been 
previously identified. 
6.2 THE PRO-DOMAIN OF CYCLOPS REGULATES THE 
RANGE OF SIGNALING 
6.2.1 Detailed analysis of Cyc pro-domain 
Like other Nodal-related proteins, Cyclops consists of a disulfide-linked precursor 
dimer with a hydrophobic leader and a pro-domain at the N terminus. To investigate 
the pro-domain function in detail, I produced the N terminal and C terminal domains 
of Cyclops as independent truncated proteins designated as Cyc-pro and Cyc-mat. I 
also made a series of in-frame deletion mutations in the Cyc pro-domain in which 30 
amino acids have been deleted, comprehensively covering the pro-domain coding 
sequence. These deletions are named Cyc∆a, Cyc∆1, Cyc∆2, Cyc∆3, Cyc∆4, Cyc∆5, 
Cyc∆6, Cyc∆7, Cyc∆8, Cyc∆9, Cyc∆10, Cyc∆11, respectively (Figure 6.1). To assay 
the activity of the deleted mutants, zebrafish embryos were injected at the 1-cell stage 
with 5 to 20 pg of in vitro synthesized mRNA followed by in situ hybridization to 
monitor the extent of ectopic induction of gsc, a mesendodermal marker which 
depends on high levels of Cyclops/Nodal signaling for expression. In uninjected 
control embryos, gsc is expressed in the dorsal marginal zone (Figure 6.2 class I), but 
increasing doses of Cyc mRNA gradually extend its expression domain toward the 
ventral side of the embryos (Gritsman et al., 2000). 5 pg of wild-type cyc mRNA was 
sufficient in 40% of embryos to strongly upregulate gsc (class III, Figure 6.2). 
Deletion mutants cyc∆6 (10%), cyc∆7 (12%), cyc∆8 (35%) and cyc∆10 (5%) show  
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Figure 6.1 Summary of deletion constructs generated for the pro-domain of Cyc. 
Construct names are in the right column. Schematics of the predicated protein 
products are in the left. Numbers indicate the deletion series. Each small deletion in 
the Cyc pro-domain corresponds to 30 amino acid. All deletion constructs have a HA 
epitope in the pro-domain after the leader sequence and have a FLAG epitope in the 
mature domain after the cleavage site. Construct Cyc-pro only has the FLAG epitope 
after the leader sequence, and construct Cyc-mat only has the FLAG epitope after 
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Figure 6.2 Different deletions in the pro-domain of Cyc affect the activity of 
Cyclops. 
Zebrafish embryos injected with different deletion mRNAs at 1-cell stage were fixed 
at 50% epiboly. In situ hybridization was carried by using mesendodermal marker 
gsc. All injected embryos were classified into 4 groups based on the dorsol-ventral 
and anterior-posterior extent of expression pattern of gsc. Class I: identical to 
uninjected; II:  increased mRNA levels within normal expression domain; III or IV: 
ectopic or ubiquitous expression, respectively. The amount of injected mRNA(pg),  
the total  number  of  embryos  examined  (N),  and  the  percentage  of  embryos  in  
each class are indicated.  
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similar gsc upregulation activity, which indicated that ∆6, ∆7, ∆8. ∆10 domains are 
not crucial for for Cyc function. In contrast, injection of some deletion mutants, such 
as cyc∆3 and cyc∆4, even at higher dose of 20 pg, cannot induce gsc overexpression. 
In particular for the N and C terminal truncated proteins Cyc-∆pro and Cyc-∆mat, 
even 100 pg of mRNA cannot induce gsc overexpression (not shown), indicating that 
in these deletion mutants, both receptor binding and processing are affected. 
Interestingly,  for one deletion mutant, cyc∆1, 5 pg mRNA is sufficient to induce 45% 
of embryos with ectopic gsc expression, and an additional 40% of embryos show 
ubiquitious gsc expression, which is not observed in embryos injected with 5 pg wild-
type cyc mRNA. When the mRNA dose was increased to 20 pg, 90% of embryos 
injected with cyc∆1 mRNA show ubiquitious gsc expression compared to 45% of 
embryos of wild-type cyc mRNA injection. This indicates that cyc+ activity is 
partially limited by the ∆1 domain in pro-domain. 
To analyse expression of proteins, 293T cells were transfected with different deletion 
constructs that have a FLAG epitope in the mature domain after the cleavage site of 
Cyc (Figure 6.1). Transfected cells were harvested and 15 µg of total protein from 
each transfection was subjected to western blot analysis using the anti-FLAG 
antibody or anti-β-tubulin antibody as a protein loading control (Figure 6.3). Thought 
that  relatively similar amount of tubulin proteins, deletions of Cyc∆1, Cyc∆2 and 
Cyc∆3 dramatically increase the protein levels comparing to Cyc+, indicating that 
these domains maybe cause the Cyc protein instability, so ∆1, ∆2 and ∆3 are 
important for Cyc protein expression levels or stability.     
 
 
   





Figure 6.3 Some deletions increase the expression levels and stability of Cyc 
protein. 
293T cells were transfected with different deletion constructs. Cells were harvested 48 
hrs after transfection. The whole cell lysate was subjected to western blot with anti-
FLAG or anti-tubulin antibody. 
 
 
6.2.2 The Pro-Domain of Cyclops Regulates the Range of Signaling 
Earlier studies showed that Squint acts as a long-range morphogen to induce 
mesododermal genes, whereas Cyclops has only short-range activity (Chen and 
Schier, 2001). Since both Sqt and Cyc share very high identity in their mature 
domain, the reason for their different signaling range activities remains unclear. To 
address this question, domain swap experiments were designed. The Cyc pro-domain 
was fused with the Sqt mature domain (Cyc-pro+Sqt-mat), and the Sqt pro-domain 
was fused with the Cyc mature domain (Sqt-pro+Cyc-mat). Misexpression studies in 
Xenopus and zebrafish have shown that the level of Nodal signaling is a key factor in 
determining the cell fate induced in responding cells, such that high levels of Nodal 
activate the dorsal mesoderm marker gsc, whereas lower levels induce the 
anti-FLAG 
anti-tubulin 
 cyc+    ∆1      ∆2      ∆3       ∆4      ∆5      ∆6       ∆7      ∆8         ∆9     ∆10     ∆11 
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panmesodermal marker ntl (Schier, 2003). Thus we used gsc and ntl as markers to 
assay the levels of signaling by the reconstructed Nodal factors. In vitro synthesized 
mRNA of sqt, cyc, cyc-pro+sqt-mat and sqt-pro+cyc-mat were injected, together with 
the lineage tracers fluorescein-dextran and biotin-dextran, into a single cell of 64-128-
cell zebrafish embryos (Figure 6.4A). The injected embryos were fixed at 50% 
epiboly and analysed by in situ hybridization with gsc and ntl.   
As shown from earlier published data (Chen and Schier, 2001), ntl was expressed 6-8 
cell diameters away from Sqt-producing cells (98% injected embryos) (Table 6.1; 
Figure 6.4B). In contrast, gsc was detected only in cells expressing sqt and their 
immediate neighbors (90% injected embryos) (Table 6.1; Figure 6.4G). Since Cyc is a 
short-range signal, even 10 pg mRNA of cyc could not induce gsc ectopic expression 
(0% injected embryos) (Table 6.1; Figure 6.4K), but induceed ntl in Cyc-producing 
cells (96% injected embryos) (Table 6.1; Figure 6.4F). However, when embryos were 
injected with mRNA of cyc-pro+sqt-mat, 90% of injected embryos showed ntl 
overexpression close to the injected source (Table 6.1; Figure 6.4D), and only 5% of 
embryos showd long-range ntl expression. Also in embryos injected with cyc-
pro+sqt-mat mRNA, gsc was expressed only in the injected source (80% injected 
embryos) (Table 6.1; Figure 6.4I). When embryos were injected with mRNA of sqt-
pro+cyc-mat, similar to those injected with cyc+  mRNA, the majority of injected 
embryos showed ntl overexpression only in Cyc-producing cells (98% injected 
embryos) (Table 6.1; Figure 6.4E), and no gsc overexpression was observed (Table 
6.1; Figure 6.4J). These results suggest that in the Cyc-pro+Sqt-mat chimeras, the pro-
domain of Cyc limits the signaling range of Sqt, such that Cyc-pro+Sqt-mat cannot  
 
   






Table 6.1 Cyc∆1 exerts long-range signaling similar to Sqt 
 
 
                Expression of ntl Expression of gsc  
Injected mRNA 
(10 pg) Total  





Others   
(%) 
Total 




         sqt 
  
   20 
 
        98 
 
          0 
 
     2 
 
  15 
 
        90 
 
        cyc 
 
   18 
 
         0  
 
        96 
 
     4 
 
  12 
 




   22 
 
         5                  
 
         90 
 
     5 
 
  14 
 




   27 
 
         0 
 
         98 
 
     2 
 
  12 
 
         0 
 
       cyc∆1 
 
   24 
 
        75 
 
         20 
    
     5 
 
   16 
 




10 pg of either sqt, cyc, cyc-pro+sqt-mat, sqt-pro+cyc-mat or cyc∆1 mRNA was co-
injected with fluorescein-dextran and biotin-dextran into a single-cell of 64-128-cell 
wild-type embryos, and the injected embryos were fixed at 50% epiboly for in situ 
hybridization to detect gsc and ntl expression. Long-range induction of ntl indicates 
that overexpression of ntl is more than 4-cell diameters away from the injected source. 
Short-range induction of ntl indicates that overexpression of ntl is close to the injected 







   




        
 
 
Figure 6.4 The pro domain of Cyc regulates its range of signaling.  
(A) Single-cell injection. 10 pg  of  different mRNAs are co-injected with fluorescein-
dextran  (green)  and  biotin  dextran  into  WT  embryos  at the 64-128 cell stage  and  
embryos  are fixed  at 50% epiboly. ntl and gsc expression is  examined  by  in  situ 
hybridization (blue staining); injected cells are labeled brown by DAB reaction. (B-K) 
Single-cell injections of mRNA, all images are animal pole views. (B-F) ntl 
expression and (G-K) gsc expression. (B, G) Injection of sqt mRNA; (C, H) injection 
of cyc∆1 mRNA; (D, I) injection of cyc-pro+sqt-mat mRNA; (E,J) injection of sqt-
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function exactly like Sqt. However, Sqt pro-domain does not have this function, and 
Sqt-pro+Cyc-mat functions like Cyc. 
Since Cyc∆1 shows stronger activity in the induction of gsc expression in 1-cell stage 
injected embryos, Cyc function may be partially limited by the ∆1 domain in pro-
domain The signaling range activity of Cyc∆1 was determined directly. In vitro 
synthesized mRNA of cyc∆1 was injected into a single cell of 64-128-cell stage 
zebrafish embryos and the embryos fixed at 50% epiboly for gsc and ntl staining. 
Notably, unlike cyc+ injection, ntl was expressed by cells 4-6 cell diameters away 
from the Cyc∆1-producing cells (75% injected embryos) (Table 6.1; Figure 6.4C), 
and the injection of cyc∆1 can also induce gsc overexpression in the injected source 
(90% injected embryos) (Table 6.1; Figure 6.4H), similar to injection of Sqt. This 
indicates that Cyc∆1 behaves as a long-range morphogen similar to Sqt. The specific 
activity of Cyc in vivo is therefore limited by the pro-domain; specifically the 
signaling range of Cyc is limited by the ∆1 domain in pro-domain.   
6.3 THE PRO DOMAIN OF CYCLOPS IS IMPORTANT FOR 
INHIBITOR BINDING 
Leftys, also called antivin in zebrafish, have been implicated as feedback inhibitors of 
Nodals and are key regulators in mesendoderm induction, anterior-posterior 
patterning, and the left-right asymmetry during veterbate embryogenesis (Meno et al., 
1997; Bisgrove et al., 1999; Meno et al., 1999; Thisse and Thisse, 1999). Two lines of 
evidence indicate that Lefty functions to block Nodal activity at the molecular level. 
First, Lefty only inhibits EGF-CFC dependent TGFβ ligands such as Nodal and Vg1, 
but not EGF-CFC independent ligands such as Activin(Cheng et al., 2003). Second, 
Leftys can bind to the EGF-CFC coreceptor and block from interacting with Nodal 
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(Chen and Shen, 2004; Cheng et al., 2004). Detailed analysis of Activin, Sqt and Vg1 
also show that a region in the mature domain of Nodal is important for ligand, 
inhibitor and coreceptor binding.  
To investigate if the pro-domain of Cyc is involved in ligand-inhibitor binding 
activity, we generated a set of in-frame deletion mutants in Cyc pro-domain. The 
pCScyc-pro/FLAG, which codes for the N-terminal part of the Cyc pro-domain, was 
used as the template.  The deletions were cotransfected with Lefty/HA into 293T cells 
to check whether the physical interaction between the pro-domain of Cyc and Lefty in 
vitro. Either the Cyc pro or mature domain alone can physically bind to Lefty (Figure 
6.5B, lane3 and 4), as does Cyc full-length protein (Figure 6.5A, lane1, B, lane2). 
However, within the Cyc pro-domain, a region corresponding to 30 amino acids is 
critical for Lefty binding, and when this region is absent, the pro-domain of Cyc fails 
to bind to Lefty in vitro (Figure 6.5 A, lane4). Further analysis was carried out to 
narrow down the 30 amino acid region to a critical 10 amino acid structure. 
Subsequently, scanning mutagenesis in which Ala was substituted for amino acids in 
this small 10 amino acid region shows that there are two amino acids, Arg44 and 
Arg49, which are critical for the binding of the Cyc pro-domain to Lefty. When the 
two Arg (R) residues were mutated to Ala (A), the Cyc pro-domain lost binding 
activity with Lefty (Figure 6.5B, lane7), but either single mutation did not abolish the 
interaction (Figure 6.5 B, lane5 and 6). This indicates, that just like the mature domain 
of Cyc, the Cyc pro-domain is also involved in the ligand-inhibitor interactions that 
function to antagonize Cyc/Nodal signaling. Both Arg residues in the Cyc pro-
domain, Arg44 and Arg49, are critical for this interaction.  
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Figure 6.5 The pro-domain of Cyc is involved in ligand-inhibitor interactions. 
(A) A region of the pro-domain is important for Cyc binding with Lefty (lane 4). (B) 
Two Arg residues, Arg44 and Arg49, are critical for the interaction of the Cyc pro-
domain with Lefty (Lane 7). The indicated Cyc expression constructs were 
cotransfected with Lefty into 293T cells, followed by immunoprecipitation of FLAG-
tagged Cyc proteins from cell lysates with anti-FLAG beads. Western blots of 
immunoprecipitated, and total extracted proteins were performed to detect the HA 
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7.1 CYCSG1 AS A TOOL TO UNDERSTAND THE FUNCTION OF 
CYCLOPS/NODAL SIGNALING IN EARLY EMBRYONIC 
DEVELOPMENT 
Nodal signaling has been shown to be required for several patterning processes in 
early vertebrate embryos, ranging from the specification of mesoderm, endoderm and 
ventral neural tube, to the establishment of left-right asymmetry (Schier and Shen, 
2000; Whitman, 2001). Zebrafish, as an excellent vertebrate model system, has been 
used to study many processes, ranging from signal transduction to human 
therapeutics. Zebrafish mutations can faithfully phenocopy many human disorders. 
Each mutation, once cloned, provides candidate genes and pathways for evaluation in 
the human (Shin and Fishman, 2002).  Thus studies of cyc, one of the Nodal-related 
genes in zebrafish, can shed light on the understanding of how Nodal/TGFβ signaling 
functions in higher vertebrate systems.  
Many of the events in which Nodal signaling functions occur early in embryonic 
development, and may be temporally or spatially overlapping, making it difficult to 
assess the precise requirements for Nodal signaling in the formation of  each gem 
layer. Evidence for the functions of Nodal signaling in specific tissues/germ layers 
has been obtained primarily from the generation of chimeras in the mouse (Varlet et 
al., 1997; Brennan et al., 2001; Brennan et al., 2002). A hypomorphic allele in the 
mouse nodal gene has been described and can be used to analyze the post-gastrulation 
nodal function (Lowe et al., 2001). However, mouse nodalfl/∆ mutant embryos die 
before gestation and manifest much more severe phenotypes. So far, the conditional 
mutant cycsg1 is the only Nodal-related mutant in any vertebrate that can exhibit the 
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mildest defects, even WT-like phenotypes at the permissive temperature (22oC). 
Hence, besides the studies of floor plate formation, cycsg1 can also be used in the 
investigation of other developmental events in which Cyclops/Nodal signaling 
functions.   
Nodal signals pattern the organizer in a dosage-dependent manner. During 
gastrulation, a gradient of Nodal signaling activity at the margin finely specifies the 
mesoderm and endoderm precursors. Observations from the manipulation of Nodal 
signaling suggest that Nodal signaling induces different cell fates via both temporal 
and spatial gradients. There are different genes in the Nodal signaling pathway, such 
as cyc, sqt, oep and lefty, which function in the organizer during gastrulation.  
Although a lot of recent work has shed light on the understanding of the Nodal 
signaling pathway, there still remain some questions pertaining to how these genes 
interact with one another at precise times to specify the different mesoderm and 
endoderm precursors.   
cycsg1 mutant embryos show a null phenotype at non-permissive temperature, but 
cycsg1 is functional at permissive temperatures. The cycsg1 temperature-sensitive allele 
makes it possible to modulate the effect of different genes related to Nodal signaling 
pathway in the specification of the different mesoderm and endoderm precursors at 
different time points. By generating double- or triple- mutants, it is possible to 
investigate the interactions among these genes and other organizer genes. cycsg1 can be 
used as a tool for assessing the requirement of Cyclops/Nodal for the specification of 
the zebrafish organizer during early development. Thus, the zebrafish temperature-
sensitive mutant cycsg1 is a useful tool for assessing the precise requirements for 
Cyclops/Nodal signaling in all tissues and stages in which it functions.   
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7.2 VERTEBRATE FLOOR PLATE INDUCTION: THE 
INTRICATE INTERPLAY OF SEVERAL SIGNALING 
PATHWAYS 
7.2.1 Cyclops is Required At Multiple Steps of Floor Plate Specification 
The floor plate of vertebrate embryos, a transient structure in the CNS, develops at the 
ventral midline of the neural tube from the midbrain to the end of the caudal spinal 
cord. The functions of floor plate include 1) acting as an embryonic organizer center 
and a source of signals that generate specific neuronal subtypes along the dorsoventral 
axis of the brain and spinal cord, and 2) acting as an intermediate cellular target for 
axon guidance. These functions appear to be conserved from fish to mammals 
(Colamarino and Tessier-Lavigne, 1995; Giger and Kolodkin, 2001; Jessell, 2000).  
By abrogating Cyclops signaling in cycsg1 temperature-sensitive mutant embryos at 
various stages of early development, we have determined that the critical window for 
Cyc function in zebrafish floor plate specification is during gastrulation (Tian et al., 
2003).  Disruption of Cyc function during gastrulation by temperature shift 
experiments and modulation of the level of Cyclops signaling in compound mutants 
results in patchy or no medial floor plate marker gene expression.  Interestingly, the 
cycsg1 mutant embryos with patchy floor plate exhibit groups of floor plate cells that 
are distributed throughout the length of the neuraxis.  The presence of patches of floor 
plate cells throughout the length of the neuraxis from our experiments provides one of 
the possibilities of the development of neural tube, which the entire ventral neural 
tube arises from a group of precursors that are distributed throughout the length of the 
embryo, and that their differentiation into floor plate cells requires continuous 
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Cyclops signaling during gastrulation.  Previous observations by Hatta (Hatta et al., 
1991) where transplanted wild-type cells adopted floor plate fates in cyc mutant hosts, 
and were able to recruit adjacent mutant host cells into floor plate fates, suggested that 
once specified, mutant cells had the ability to differentiate into floor plate cells.  Our 
data indicates that sustained and high levels of Cyclops signaling are essential for the 
complete specification of floor plate cells.  Thus, in addition to being required for 
specification of the floor plate cells and ventral neural tube, Cyclops signaling is also 
required for the development of a complete ventral neural tube throughout the entire 
length of the embryo. 
7.2.2 Prechordal Plate Mesendoderm and the Floor Plate Inducing Activity of 
Nodal Signaling 
In the zebrafish blastula, notochord, floor plate and precordal plate precursors are all 
located in the dorsal blastoderm margin. During gastrulation, the important 
morphogenetic process, the anteroposterior polarity is established, with prechordal 
plate progenitors located in the anterior portion of the involuting axial mesoderm, and 
notochord and floor plate precursors located more posteriorly. During gastrula stages, 
the precursors of notochord, floor plate and precordal plate have distinct inductive 
activities and express different marker genes. Notochord progenitors express the T-
box gene ntl, floor plate precursors express twhh, whereas precordal plate precursors 
express the homeobox gene gsc. Development of notochord, floor plate and 
prechordal plate requires the Nodal family of TGFβ ligands (Conlon et al., 1994; 
Zhou et al., 1993; Feldman et al., 1998; Sampath et al., 1998; Rebagliati et al., 1998; 
Gritsman et al., 2000; Schier and Shen, 2000). 
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Signaling in the anterior organizer cells, which give rise to the prechordal plate 
mesendoderm, has also been implicated in induction of the floor plate. This is 
proposed on the basis of the rescue of the floor plate phenotype in cyc mutants in the 
presence of WT cells within the prechordal mesendoderm (Sampath et al., 1998).  
Analysis of various zebrafish mutants also supports the idea that it is the prechordal 
plate, rather than the notochord, that acts as the mediator of the induction of the floor 
plate. In ntl and flh mutant embryos, floor plate cells as well as prechordal mesoderm 
are present, but the notochord is absent (Strahle et al., 1996; Halpern et al., 1995; 
Halpern et al., 1997; Talbot et al., 1995; Beattie et al., 1997). Conversely, in cyc, 
Zoep, and sur mutants, floor plate cells as well as prechordal mesoderm are absent but 
a differentiated notochord is formed.  The idea that the prechordal plate is the source 
of floor plate-inducing signals, and that Nodal signals are involved in floor plate 
induction, are further supported by studies in chick. Recently, by real-time lineage 
analysis, Plazek and colleagues showed that ‘area a’ cells (also called ‘zone a’ in 
chapter I), which contribute to floor plate cells in chick, receive signals from 
prechordal plate and give rise to anterior floor plate (Patten et al., 2003). The evidence 
that prechordal plate is a more potent floor plate inducer than notochord suggests that 
the prechordal plate either expresses high level of Shh or uses additional factors to 
specify cells with floor plate character. The studies of chick embryos demonstrated 
that the homologues of mouse Nodal and zebrafish Cyc are expressed in the 
prechordal plate of chick embryos and cooperate with Shh to induce epiblast 
precursors (area a) to a floor plate fate (Patten et al., 2003).  
However, we find that deficiencies of the prechordal plate did not affect induction of 
the floor plate by Cyc in sqtcz35/sqtcz35, cycsg1/ cycsg1; sqtcz35/ sqtcz35, or 
  
Chapter VII                                                       Discussion                                                                    168                                        
cycm294/cycsg1; sqtcz35/ sqtcz35 mutant embryos. In sqtcz35/sqtcz35, mutant embryos still 
have a patchy floor plate in the trunk, but exhibit severe defects in prechordal plate 
and notochord. Similarly, in cycsg1/ cycsg1; sqtcz35/ sqtcz35 or cycm294/cycsg1; sqtcz35/ 
sqtcz35 double mutant embryos, one functional cyc allele can induce floor plate cells 
even in the absence of the prechordal plate. This indicates that deficiencies in the 
prechordal plate mesendoderm did not affect induction of the floor plate by functional 
Cyc. However, these experiments do not rule out a role for the gsc-expressing 
precursor cells that may be present in these embryos.  By modulating the levels of 
cyc, we find that higher levels of Cyc signaling are required for specification of floor 
plate fates. Mutations in cyc show severe defects in the medial floor plate and a 
reduced prechordal plate, but have a relatively complete notochord. Double mutants 
for cyc and sqt lack all axial mesoderm, and have no floor plate, no notochord and no 
prechordal plate. Similarly, maternal-zygotic mutants for the EGF-CFC gene oep, 
which is an essential cofactor for Nodal signaling, also display absence of the floor 
plate, notochord and prechordal plate (Gritsman et al., 2000). Combining the early 
evidence with our findings, Cyc signaling is important for floor plate specification, 
similar to the requirements of Sqt for specification of prechordal plate mesendoderm.  
The parallel work in amniotes and anamniotes indicate that the prechordal plate 
mesoderm is involved in the early specification of a population of anterior floor plate 
cells and Cyc/Nodal signals play a more prominent role in floor plate specification. In 
the prechordal plate induction model, Nodal signaling in the prechordal plate, in 
combination with Shh signaling may induce anterior floor plate fate (Patten, 2003).   
On the other hand, our experiments, together with previous work by Schier and  
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coworkers, suggest an alternative possibility, that it is the level of Nodal signaling 
patterns different cell types (Gritsman et al., 2000; Chen and Schier, 2001; Dougan et 
al., 2003; Schier, 2003; Tian et al., 2003). Hence, we support the idea that Nodal 
gradient is critical for patterning the organizer, such that uninterrupted and higher 
levels of Nodal (Cyc and Sqt) signaling during gastrulation are critical for the 
induction and complete development of the floor plate and the induction of prechordal 
plate in zebrafish, whereas induction of notochord fate requires lower level of Nodal 
(Cyc and Sqt) signaling (Figure 7.1A). Importantly, the highest levels of Sqt signaling 
are required for prechordal plate induction at blastula, before gastrulation; whereas 
highest Cyc signaling is required for floor plate induction during mid-gastrula; 
notochord specification only needs intermediate Sqt and Cyc signaling (Figure 7.1B) 
(Gritsman et al., 2000; Schier, 2003) .    
7.2.3 The Origin of the Floor Plate: Reconciling Several Signaling Pathways And 
Distinct Mechanisms 
The floor plate is common to all vertebrate embryos, possibly with an evolutionary 
origin earlier in the chordate lineage (Corbo et al., 1997). Its important functions in 
the regulation of CNS patterning have attracted a lot of effort to study the formation 
of the floor plate in recent years. Two models for floor plate differentiation provide 
strong evidence to support the two different pathways for floor plate formation. 
Model one, derived from studies in amniote embryos, combines genetic, cellular and 
embryological investigations to draw two main conclusions. Firstly, Shh signaling is 
necessary for floor plate induction and differentiation in amniote embryos. Secondly, 
signals provided by the notochord, a source of Shh, are required for induction of the 
floor plate. On the other hand, cell lineage analysis in chick-quail chimeric and 
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genetic studies in zebrafish mutants show that the notochord does not play a part in 
the induction of floor plate, instead the floor plate and notochord come from precusors 
in the organizer (node). More importantly, Shh is not required for floor plate 
induction, at least not for initial induction of the medial floor plate. In contrast, it is 
the Nodal signals that play an important role in floor plate specification. Thus far, 
with seemingly contradictory evidence from different model systems, we still do not 
have a complete understanding of floor plate differentiation. Many aspects of the 
early cellular interactions that control the differentiation of notochord and floor plate 
need to be defined more clearly. 
Studies in chick and zebrafish go some way towards reconciling these different 
observations. In the chick model, Placzek and colleagues provided evidence for a dual 
mode of floor plate formation along the anteriorposterior axis (Patten et al., 2003). 
Instead of the model in which notochord is absolutely required for floor plate 
induction in amniote embryos, the anterior floor plate is derived from a group of 
ectodermal cells immediately anterior to Hensen’s node, which are referred to as ‘area 
a’ cells (Schoenwolf et al., 1989a). The nascent prechordal mesoderm, a specialized 
cluster of axial mesoderm cells that emerge from the node ahead of the notochord, 
seems to be responsible for the rapid vertical induction of floor plate character in ‘area 
a’-derived cells. Moreover, it is first demonstrated in chick embryos that Nodal may 
also play a role in chick floor plate induction: Nodal can cooperate with low levels of 
Shh to induce floor plate character in ‘area a’ cells. By contrast, in more posterior 
regions of the neuraxis, a high level of Shh signaling is required for their induction to 
a floor plate fate (Patten et al., 2003). Taken together, these studies indicate that in the 
chick, the inductive events for the anterior and posterior floor plate are distinct: the 
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principal contributors to the future anterior floor plate populations are precursor cells 
in the epiblast of gastrula-stage embryos, whereas the future posterior floor plate 
arises primarily from precursor cells in the organizer region of the embryos (Placzek 
and Briscoe, 2005). This is consistent with the early zebrafish studies which showed 
that cis-regulatory elements of shh gene direct reporter gene expression to different 
spatial domains of the floor plate (Muller et al., 1999). The floor plate therefore does 
not appear to be uniform along its length. More recently, other zebrafish studies found 
that the development of MFP consists of two independent sequential phases (Schafer 
et al., 2005). By studying the growth factor Midkine-a (Mdka), a two-phase model 
was proposed for MFP formation in zebrafish. In the first Mdka-independent phase 
during gastrulation, induction of MFP precursors in the embryonic shield is regulated 
by Cyclops/Nodal signals in combination with other factors. During neurulation, 
Mdka derived from paraxial mesoderm regulates the specification of MFP cells. Early 
studies in zebrafish observed that the signals for floor plate formation are only derived 
from the embryonic shield. The study of Mdka provides evidence that another 
signaling source for complete MFP formation is outside of the embryonic shield. The 
observation of Mdka-dependent floor plate specification is consistent with the model 
of trunk-derived signals involved in floor plate formation. While these signals are 
secreted from the notochord in chick (Placzek et al., 2000), zebrafish studies show an 
involvement of paraxial mesoderm in floor plate specification (Schafer et al., 2005).    
Development of the floor plate is based on the complicated interplay of several 
signaling pathways. Besides Cyclops/Nodal and Shh signaling pathways, the 
Delta/Notch signaling pathway is also involved in floor plate formation. Early studies 
of the Delta/Notch signaling pathway in zebrafish show that the Delta ligand-Notch 
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receptor signaling pathway regulates midline patterning in the dorsal organizer by 
inhibiting notochord formation and promoting hypochord and possibly floor plate 
development (Appel et al., 1999; Appel et al., 2003; Latimer et al., 2002). Cell 
proliferation assays in zebrafish further reveal that Notch signaling regulates 
proliferation of floor plate progenitor cells after they are specified from midline 
precursors (Latimer and Appel, 2006). However, studies in her9, a member of the 
hairy/Enhancer of Split (h/E(spl) family of genes that encode transcriptional 
repressors,  show that her9 is able to rescue floor plate development in cyc mutant 
embryos. It suggests that her9 is an early regulator of floor plate specification, but it 
does not seem to require Notch signaling. Instead, her9 is a downstream effector of 
Nodal signaling for floor plate specification (Latimer et al., 2005). Besides these 
different signaling pathways in floor plate formation, there are also distinct 
mechanisms for floor plate specification along the anteroposterior axis. While the 
posterior floor plate (indicating floor plate in spinal cord) appears to use an induction 
and allocation mechanism, the anterior floor plate (indicating floor plate in caudal 
forebrain, midbrain and hindbrain) appears to be specified by the classical induction 
model. In different model systems, floor plate specification appears to occur through 
varying Shh and Cyclops/Nodal signaling inputs, such that Shh is necessary for 
specification of the entire floor plate in mouse, whereas in zebrafish, Cyc/Nodal 
specifies floor plate progenitors, then Notch is required for the proliferation of floor 
plate cells, and later, the MFP is dependent on the Cyclops/Nodal signaling, only LFP 
requires Shh signaling. However, recent analysis in zebrafish proposes a model in 
which Nodal signaling not only directly induces Shh, but also induces FoxA2, the 
winged helix transcription factor, which is then required for the maintaining the  
  




Figure 7.2 A summary of the hypothesized relationships of genes involved in 
floor plate specification in zebrafish. 
In zebrafish, floor plate formation is quite complicated because zebrafish floor plate 
can be divided into MFP and LFP and needs different signaling pathways. Firstly, 
Cyc/Nodal signaling specifies floor plate progenitors, and later, Notch signaling is 
required for the proliferation of floor plate progenitor cells. Then Cyc/Nodal signaling 
induces MFP through the TGFβ receptor and coreceptor Oep, and Sur transcription 
factor. Downstream of Nodal, Foxa2 function is required for maintained expression of 
Fox and Hh family genes and for differentiation of the floor plate. Mdka derived from 
the trunk paraxial mesoderm regulates specification of MFP during neurulation. Hh 
signals produced in the MFP subsequently work through the Gli protein to induce 
foxa2 in the LFP. Foxa2 activity is required for proper formation of the LFP. 
Midline precursor cells 
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expression of floor plate genes, including shh itself (Norton et al., 2005). This feature 
might have been facilitated by the convergence of the two signaling pathways on the 
same downstream mediator, Foxa2 (Figure 7.2). As more is learnt about the interplay 
between various signaling pathways, and as more downstream effectors of the 
pathways that determine floor plate fates are identified, we will be able to understand 
better how this group of cells achieves its form and functions. 
7.3 A STOP-CODON INDEPENDENT READTHROUGH IS 
RESPONSIBLE FOR THE TEMPERATURE-SENSITIVE 
PHENOTYPE 
Open reading frames (ORFs) within an mRNA are terminated by an in-frame stop 
codon, which is recognized during translation by the binding of a protein release 
factor to the ribosomal A site (Murgola, 1985). In eukaryotes, a single release factor, 
eRF1, recognizes all three stop codons (Frolova et al., 1994). The efficiency of 
termination is enhanced by a second, GTPase release factor eRF3 (Zhouravleva et al., 
1995; Stansfield et al., 1995). The definition of the 3’ boundary of a gene by a stop 
codon determines the C-terminus of the encoded protein. The process of translation 
termination is both accurate and efficient when using the stop codon position to 
predict the C-terminal amino acid sequence of a protein. However, under some 
conditions, the release of the polypeptide chain at the stop codon is suppressed by the 
mis-incorporation of an amino acid in this position (Baranov et al., 2002). The proper 
decoding of a stop codon sometimes is important in the process of protein synthesis. 
The misinterpretation of a stop codon by readthrough results in C-terminally extended 
proteins carrying novel peptide ends that can affect both structural and functional 
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aspects of the proteins. By controlled readthrough of in-frame stop codons, or by 
frameshifting, the same RNA sequence can code for proteins with different C-termini. 
There are two ways to read through the UGA stop codon. The best characterized 
mechanism for suppression of an in-frame UGA stop codon is through the 
incorporation of a selenocysteine (Bock et al., 1991). Additionally, frame-shifting at a 
UGA stop codon which causes decodn of UGA has also been demonstrated 
(Matsufuji et al., 1995). 
The molecular lesion in cycsg1 is a transversion which results in a premature stop 
codon in the pro domain. This is caused by an AGA to UGA change. By changing the 
cycsg1 mutant stop codon UGA to two other stop codons UAG or UAA, we find that 
mutant cyc mRNA is still functional at 22oC, indicating that there is a stop-codon 
independent readthrough which is responsible for the temperature-sensitive 
phenotype. The stop codon context is important for translation termination efficiency. 
Strong termination codons preferably contain an A or G as the neighboring 3’ base, 
whereas weaker stop codons are often followed by a U or C (McCaughan et al., 1995; 
Farabaugh, 1993; Tate et al., 1995). In the cycsg1 sequence, the mutant stop codon is a 
leaky termination codon, because the mutant UGA stop codon is followed by a C. 
Thus, cis acting sequences in the vicinity of the UGA stop codon in cycsg1 mRNA 
may regulate readthrough. Cis acting sequences include the termination codon itself 
and the surrounding nucleotide context. Early studies in S. cerevisiae have shown that 
both upstream and downstream contexts are involved in efficient readthrough (Bonetti 
et al., 1995). Statistical and experimental analyses of some plant and animal viral 
RNAs carrying leaky termination codons revealed that the nucleotide context 
following the stop codon is a major determinant of translational readthrough (Beier 
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and Grimm, 2001; Harrell et al., 2002). Recent studies of the Drosophila trachea 
headcase gene show that the cis acting sequences downstream of the stop codon that 
regulate readthrough also occur in eukaryotic translational termination suppression 
(Steneberg and Samakovlis, 2001). Drosophila headcase mRNA in generates two 
overlapping proteins as a result of translational readthrough of an internal UAA stop 
codon. A 80-nucleotide long sequence immediately downstream of UAA was isolated 
which can form a secondary structure that is necessary and sufficient to confer 
termination readthrough (Steneberg and Samakovlis, 2001). Isolating the cis acting 
sequences which are responsible for the UGA readthrough in cycsg1 mRNA can 
address the role of sequences surrounding the UGA mutant stop codon in termination 
readthrough. Different cyc cDNA fragments which surround the UGA stop codon can 
be fused with different epitopes at the N- and C- terminal, such as a HA epitope can 
be fused at the N- terminal, and a FLAG epitope can be fused at the C- terminal . 
Sothe tagged termination and readthrough products can be detected on western blots 
with anti-FLAG and anti-HA antibodies. Since the readthrough in cycsg1 mRNA 
occurs at 22oC, mammalian cell lines are not suitable for use. These modified 
segments of cyc cDNA, including the internal UAG codon can be injected into 
zebrafish embryos at the 1-cell stage, and injected embryos to rise at 22oC. It should 
be possible to detect readthrough products on western blots from embryo extracts and 
to find the critical sequences surrounding the UGA stop codon which are responsible 
for termination readthrough.           
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7.4 THE FUNCTION OF THE CYCLOPS PRO-DOMAIN  
Because of their wide range effects and their evolutionary conservation, TGFβ family 
members have been extensively studied. All TGFβ proteins are synthesized as 
proproteins.  Cleavage at their conserved furin processing site, RXXR, releases the 
active C-terminal end (Hogan et al., 1994). The TGFβ proprotein appears to be 
stabilized by the presence of the pro-domain. Even after cleavage, the pro-domain can 
associate with the mature product to provide further stability to the activated molecule 
(Constam and Robertson, 1999). It has been widely accepted that the pro domain of 
TGFβ-related proteins functions only to modify the mature domain, for example, in 
promoting dimerization, secretion, and stability (Gray and Mason 1990; Dick et al., 
2000). However, recent studies of Xenopus tropicalis nodal-related gene 3 (Xtnr3) 
have shown that the Xtnr3 pro-domain has its own neural-inducing activity in animal 
cap assays, by associating with BMP mature protein and antagonizing its activity. 
Furthermore, pXtnr3∆C, which codes for about 65% of the N-terminal part of the pro-
domain, has the same activity. The Xnr5 pro-domain also has been shown to 
antagonize BMP signaling in the same manner as Xtnr3 (Haramoto, et al 2004). 
Analyses of a series of mutants in Xnr3 also indicate the importance of the Xnr3 pro-
domain. Activin-Xnr3 fusion protein, which is made with the activin pro-domain and 
cleavage site linked to the Xnr3 mature domain, does not retain activity for inducing 
the expression of the neural marker NCAM. These results also suggest that the pro-
domain of Xnr3 is required for its neural-inducing activity (Ezal et al., 2000). These 
data suggest that the pro-domain of TGFβ  superfamily members interacts with other 
TGFβ related mature proteins to modulate their activities (Haramoto et al 2004).   
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Our detailed analyses of the Cyclops pro-domain provide more evidence to support 
that the pro-domain of TGFβ-related proteins play more important and extensive roles 
in developmental processes than previously thought. Mutant and misexpression 
studies show that sqt can act as a long-range signal, but cyc just has a short-range 
activity (Chen and Schier, 2001). Domain swap analyses in this study indicate that the 
pro-domain of Cyclops participates in regulating the different signaling range between 
Cyclops and Squint. The pro-domain of Cyclops limits the range of Squint when 
fused with the Squint mature domain, and the signaling range of Cyc-pro+Sqt-mat is 
intermediate between Squint and Cyclops.  Furthermore, the domain deleted in ∆1 in 
the Cyclops pro-domain limits the signaling range. This may explain why Cyclops is a 
short-range signal. Early studies of mouse Nodal already showed that Nodal signaling 
at a distance is not limited by inefficient maturation but by low Nodal stability. 
Injection of the mature domain of Nodal into single cells of 128-cell stage zebrafish 
embryos still can induce ectopic ntl and gsc expression, but the signaling range is 
reduced (Le Good et al., 2005). However, injection of either the pro or mature domain 
of Cyclops cannot induce overexpression of ntl or gsc, indicating that mature Cyclops 
is far less stable than mature mouse Nodal or maybe mature Squint, raising the 
possibility that the short half-life of mature Cyclops limits the range of Nodal 
signaling in vivo. In early embryos, when cyc is transiently expressed, a short half-life 
could represent an important mechanism to prevent widespread diffusion of this 
signaling molecule. Furthermore, it is the pro-domain of Cyclops that is responsible 
for the expression and stability of mature Cyclops.  
Recent studies of BMP4 in Xenopus embryos show that the bioactivity of BMP4 is 
regulated at the level of proteolytic activation (Cui et al., 2001). BMP4 is initially 
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cleaved at a consensus furin motif adjacent to the mature domain (the S1 site). After 
the first cleavage, the pro-domain of BMP4 remains noncovalently associated with the 
mature ligand. This complex then traffics to the post-Trans Golgi Network (TGN) 
compartment and undergoes subsequent cleavage at an upstream motif (the S2 site). If 
cleavage of the S2 site does not occur, the pro-domain remains associated with mature 
BMP4, and the complex is targeted for degradation. The first cleavage, therefore, 
releases mature BMP4, whereas the second cleavage regulates the activity and 
signaling range of mature BMP4 (Degnin et al., 2004; Cui et al., 2001). Similar 
studies in Xnr2 also show that a cleavage mutant form of Xnr2, cmXnr2 is secreted 
into the culture medium of Xenopus oocytes and has reduced mesoderm-inducing 
properties compared to its mature form. It also retains long-range signaling activity 
(Eimon and Harland, 2002). Besides the well-known RRGRR cleavage site adjacent 
to the mature domain, another upstream motif RRPRR is present in cyc coding 
sequence. This second cleavage motif is absent from other nodal-related genes, such 
as sqt and mouse Nodal. Investigating whether the second cleavage motif in the 
Cyclops pro-domain contributes to protein stability and signaling range will give 
reveal whether the pro-domain of Cyclops plays a more important and extensive role 
in developmental processes. 
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The floor plate is a specialized group of cells in the ventral
neural tube of vertebrates and plays a crucial role in patterning
the central nervous system. The specification of motoneurones,
interneurones and differentiation of oligodendrocytes has been
shown to require a functional floor plate, which secretes the
glycoprotein, Sonic hedgehog (Shh) (Ericson et al., 1996;
Orentas and Miller, 1996; Poncet et al., 1996; Pringle et al.,
1996; Briscoe et al., 2001; Lewis and Eisen, 2001). The floor
plate also provides guidance cues that are essential for the
axonal outgrowth of many neurones (Colamarino and Tessier-
Levigne, 1995; Matise et al., 1999). 
Studies in several vertebrates (Placzek et al., 1990; Lawson
and Pedersen, 1992; Le Douarin et al., 1998) that investigated
the development of the floor plate led to several models for its
induction. One model proposes that a signalling cascade
mediated by the Shh protein secreted from the notochord
induces the floor plate in the overlying neural tube (Placzek et
al., 2000), and mutations in the mouse Shh gene indeed result
in floor plate deficiencies (Chiang et al., 1996). Moreover,
grafting experiments in the chick have indicated that floor-plate
markers can be induced in ectopic locations of the neural tube
by signals from the notochord, or the floor plate itself, or by
the expression of SHH protein in ectopic locations of the neural
tube (van Straaten et al., 1985; van Straaten et al., 1988;
Placzek et al., 1990; Placzek et al., 1991; Yamada et al., 1991;
Marti et al., 1995; Roelink et al., 1995; Ericson et al., 1996).
However, recent experiments in the chick, as well as
analyses of zebrafish mutants suggest that the floor plate may
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The floor plate, a specialized group of cells in the ventral
midline of the neural tube of vertebrates, plays crucial roles
in patterning the central nervous system. Recent work
from zebrafish, chick, chick-quail chimeras and mice to
investigate the development of the floor plate have led to
several models of floor-plate induction. One model suggests
that the floor plate is formed by inductive signalling from
the notochord to the overlying neural tube. The induction
is thought to be mediated by notochord-derived Sonic
hedgehog (Shh), a secreted protein, and requires direct
cellular contact between the notochord and the neural tube.
Another model proposes a role for the organizer in
generating midline precursor cells that produce floor plate
cells independent of notochord specification, and proposes
that floor plate specification occurs early, during
gastrulation.
We describe a temperature-sensitive mutation that
affects the zebrafish Nodal-related secreted signalling
factor, Cyclops, and use it to address the issue of when
the floor plate is induced in zebrafish. Zebrafish cyclops
regulates the expression of shh in the ventral neural tube.
Although null mutations in cyclops result in the lack of
the medial floor plate, embryos homozygous for the
temperature-sensitive mutation have floor plate cells at the
permissive temperature and lack floor plate cells at the
restrictive temperature. We use this mutant allele in
temperature shift-up and shift-down experiments to
answer a central question pertaining to the timing of
vertebrate floor plate induction. Abrogation of Cyc/Nodal
signalling in the temperature-sensitive mutant embryos at
various stages indicates that the floor plate in zebrafish is
induced early in development, during gastrulation. In
addition, continuous Cyclops signalling is required
through gastrulation for a complete ventral neural tube
throughout the length of the neuraxis. Finally, by
modulation of Nodal signalling levels in mutants and in
ectopic overexpression experiments, we show that, similar
to the requirements for prechordal plate mesendoderm
fates, uninterrupted and high levels of Cyclops signalling
are required for induction and specification of a complete
ventral neural tube. 
Key words: Floor plate, Nodal signalling, cyclops, Zebrafish, Shh,
Twhh, Organizer, Temperature-sensitive mutation, Gastrulation,
TGFβ
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be induced independent of notochord specification (Halpern et
al., 1997; Le Douarin et al., 1998; Le Douarin and Halpern,
2000; Charrier et al., 2002). For example, zygotic mutations
in zebrafish cyclops (cyc), which encodes a Nodal-related
secreted signalling factor (Hatta et al., 1991; Rebagliati et al.,
1998; Sampath et al., 1998), and one eyed pinhead (oep), which
encodes an essential co-factor for Nodal signalling (Gritsman
et al., 1999), result in the lack of a floor plate, in spite of the
presence of a morphologically normal notochord expressing
shh (Strahle et al., 1997; Schier et al., 1997). On the other hand,
mutations in the flh and ntl genes, which are required for the
formation of the notochord, result in embryos that exhibit a
patchy or wider floor plate, respectively (Halpern et al., 1997).
Furthermore, medial floor plate cells are not abolished by
mutations in the zebrafish shh gene (Schauerte et al., 1998) or
its receptor, smoothened (Chen et al., 2001; Varga et al., 2001),
or by abrogation of Hedgehog signalling using antisense
knockdown with morpholino-modified oligomers (Etheridge et
al., 2001). Therefore, an alternate model proposes that the floor
plate is induced in the organizer-derived midline precursor
cells (Le Douarin and Halpern, 2000; Charrier et al., 2002). As
the precursor cells give rise to both the notochord and the floor
plate, this model predicts that floor-plate induction takes place
early during gastrulation. A key unresolved issue in the models
pertains to the timing of floor plate induction.
We have isolated a temperature-sensitive mutation in the
zebrafish cyc locus. In contrast to null mutations in cyc,
embryos homozygous for the cycsg1 mutation manifest variable
cyc phenotypes at 22°C. Mutant embryos exhibit variably fused
eyes, ventral curvature and patchy to complete floor plate, with
motoneurones that may or may not be at their normal positions.
At 28.5°C, cycsg1 mutant embryos are indistinguishable from
cyc-null mutant embryos, with fused eyes, lack of medial
floor plate cells and ventral curvature. Using this allele in
temperature shift-up and shift-down experiments, we show that
Cyc function is essential at gastrulation to induce the floor plate
in zebrafish. By modulating Nodal signalling levels in mutants,
and by overexpressing cyc in wild-type embryos, we show that
high levels of Cyc signalling are required for induction of the
floor plate. Furthermore, we show that continuous and high
levels of Cyc signalling during gastrulation are essential for
formation of a complete ventral neural tube. These results show
that the floor plate inducing activity of Cyc is essential during
gastrulation, and that it is required at multiple steps of the floor
plate induction pathway for the development of a complete
ventral neural tube. 
MATERIALS AND METHODS
Zebrafish strains and maintenance 
Adult fish were maintained and reared as described in Westerfield
(Westerfield, 1994). The mutant lines used in this analysis are
cycm294/+ (Schier et al., 1996), cyctf219/+ (Brand et al., 1996), cycb16/+
(Hatta et al., 1991), sqtcz35/+ (Heisenberg and Nusslein-Volhard,
1997; Feldman et al., 1998) and cycsg1/+ (this work). Double mutants
were generated by crossing heterozygous cycm294/+ to sqtcz35/+ and
cycsg1/+ to sqtcz35/+. The zebrafish wild-type strain AB (Johnson et
al., 1994) was used for out-crosses, and the polymorphic WIK strain
was used for mapping (Rauch et al., 1997). Embryos were collected
after natural matings and staged according to Kimmel et al. (Kimmel
et al., 1995). 
cyc allele screen, mapping and sequencing
Adult zebrafish males of the AB strain were mutagenized with the
chemical ethyl nitrosourea as described (Riley and Grunwald, 1995),
and mosaic F1 progeny were screened for non-complementation with
cyctf219/+ fish. Putative mutant fish were subsequently tested with
other known cyc alleles as well as other mutants affecting the Nodal
signalling pathway. Identified heterozygous fish were out-crossed to
AB or to WIK fish. Embryos from identified heterozygous fish in the
next generation were split into two groups at the one-cell stage,
allowed to develop at 28.5°C or at 22°C until prim-5 stage, and
analysed for cyc phenotypes of fused eyes, ventral curvature and the
floor plate. Mapping was carried out using PCR on a AB/WIK mutant
panel (n=80 haploid and 1200 diploid embryos) using primers
flanking a CA repeat in the 3′-untranslated region of cyc (Sampath et
al., 1998). For identifying the mutation, genomic DNA was isolated
from single cycsg1 mutant embryos at 24 hours post-fertilization (hpf)
and used as templates for sequencing. In addition, DNA and RNA
were extracted from individual cycsg1 homozygous embryos at shield
stages using TRIZOL reagent (Gibco, BRL), and single embryos were
genotyped using the cyc CA repeat marker. RT-PCR was carried out
using pooled RNA from identified cycsg1mutant embryos and the
nucleotide sequence was determined.
Genotyping
The genotype of sqtcz35 mutant embryos and cycm294 mutant embryos
was determined as described (Feldman et al., 1998; Sampath et al.,
1998). For determining the genotype of cycsg1 homozygous mutant
embryos, genomic DNA was isolated from single embryos (live or
after analysis of in situ hybridization patterns), and PCR was
performed with the primers 5′-AACAGGAGCTACCGAGCAGGC-3′
and 5′-ACTGGCCCCGTCCTGCTGCT-3′. The PCR products were
digested with the restriction enzyme PvuII (New England Biolabs),
and analysed by agarose gel electrophoresis.
Temperature shift experiments
Embryos obtained from matings of cycsg1/+ fish were split into two
groups at the one-cell stage, and raised at 22°C and 28.5°C,
respectively. At regular intervals from 50% epiboly to 10-somite
stages, embryos at 22°C were shifted to 28.5°C. Conversely, embryos
raised at 28.5°C were shifted to 22°C at the same intervals. For
temperature pulse experiments, embryos were incubated at either
22°C or 28.5°C with a brief shift-up or shift-down period during mid-
gastrulation. Embryos were fixed at 100% epiboly or prim-5 stages
for in situ hybridization with various markers.
Generation of constructs 
The cycsg1 mutation was introduced into pCS2cyc+ (Sampath et
al., 1998) by PCR-based mutagenesis. The Flag epitope-tagged
pCS2cyc+FLAG and pCS2cycsg1FLAG constructs were generated by
PCR-based methods and their nucleotide sequence was confirmed. In
both constructs, the Flag epitope was fused in frame after the cleavage
site, between Val 385 and Arg 386 in Cyc. 
Embryo injections and animal cap assays
The plasmids pCS2cyc+, pCS2cyc+FLAG, pCS2cycm294, pCS2cycsg1,
and pCS2cycsg1FLAG were linearized with NotI, and sense strand
capped mRNA was synthesized with SP6 RNA polymerase using the
mMESSAGE mMACHINE system (Ambion). In vitro synthesised
RNA was injected into one- to four-cell stage wild-type embryos.
Animal caps were dissected at late blastula stages and cultured as
described (Sagerstrom et al., 1996; Dheen et al., 1999) until sibling
stage 80% epiboly at 22°C or 28.5°C. Animal cap explants and
embryos at various stages were fixed for antibody staining or in situ
hybridization with various markers.
Cell culture
Cos-7 cells were cultured at 37°C in DMEM (Gibco-BRL) containing
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10% foetal bovine serum (Sigma), 10 U/ml penicillin and 10 mg/ml
streptomycin sulphate (Sigma). The plamids pCS2cyc+FLAG and
pCS2cycsg1FLAG were transfected into Cos-7 cells using the Superfect
transfection reagent (Qiagen). Cells were fixed after 24 hours in 4%
paraformaldehyde and processed for detection of the Flag epitope. 
In situ hybridization
Whole-mount in situ hybridization was performed as described
(Sampath et al., 1998) on embryos fixed at 100% epiboly (10 hpf at
28.5°C or 20 hpf at 22°C), six-somite (12 hpf at 28.5°C or 24 hpf at
22°C) or prim-5 stages (24 hpf at 28.5°C or 48 hpf at 22°C). The
following plasmids were linearized and antisense probes were
synthesized by in vitro transcription: pBSshh (EcoRI, T7) (Krauss et
al., 1993), pBStwhh (PstI, T7) (Ekker et al., 1995), pBSislet2 (EcoRI,
T7) (Appel et al., 1995), pBShgg1 (XbaI, T7) (Thisse et al., 1994),
pBSgsc (EcoRI, T7) (Stachel et al., 1993), pBSflh (EcoRI, T7) (Talbot
et al., 1995). Single- or double-colour in situ hybridization was
performed as described (Sampath et al., 1998). For digoxigenin-
labelled probes, BM purple substrate (Roche) was used; for
fluorescein-labelled probes, fast red (Roche) or 4-iodonitrotetrazolium
violet (Molecular Probes) were used. For cryosections, whole-mount
bicolour in situ hybridized embryos were embedded in 1.5%
agarose:30% sucrose blocks. The blocks were frozen and sections
were obtained on a Leica CM 1900 cryomicrotome at 16 µm intervals.
Immunostaining
Embryos and animal caps were fixed in 4% paraformaldehyle at 4°C
overnight. Embryos were incubated with a monoclonal antibody
raised against the zn-5 epitope (Trevarrow et al., 1990), and colour
was developed using the ABC kit (Pierce) with the substrate
diaminobenzidine (Sigma). Animal caps and Cos-7 cells were
incubated with an anti-Flag polyclonal antibody (Sigma), and detected
with an anti-rabbit secondary antibody conjugated with Alexa 568
(Molecular Probes). Optical sections were obtained at 0.5 µm
intervals on a Zeiss Axiovert 200M microscope, and images were
processed using the Zeiss LSM image browser software. 
RESULTS
Isolation of cycsg1, a temperature-sensitive mutation
in the cyc locus
In a mutagenesis screen for new mutations in the cyc locus, we
identified one mutant, sg1, which did not complement the
cycm294, cyctf219 and cycb16 mutations (Hatta et al., 1991; Brand
et al., 1996; Schier et al., 1996), and mapped to the cyc locus
(Talbot et al., 1998; Sampath et al., 1998). In contrast to null
mutations in the cyc locus, embryos homozygous for the cycsg1
mutation exhibit variably fused eyes (Fig. 1A-E) and variable
degrees of ventral curvature (Fig. 1F-J) at 22°C, the permissive
temperature for cycsg1 mutants. The mutation is incompletely
penetrant at 22°C (Table 1), with only 2-3% of homozygous
mutants exhibiting the ‘classic’ cyc phenotype (Hatta et al.,
1991). In addition, only 50% (n=25) of the homozygous mutant
embryos at 22°C manifest the cyc phenotypes (Table 1). The
mutation is fully penetrant at 28.5°C (Table 1), the restrictive
temperature for cycsg1mutant embryos. 
Nucleotide sequence analysis revealed an A to T
transversion at position 853 of the cyc-coding sequence, which
results in a premature stop codon (Fig. 2A,C). The mutation
also introduces a site for the restriction enzyme PvuII in the
cyc cDNA (Fig. 2B). To confirm if the A-T transversion causes
the temperature-sensitive (ts) phenotype, synthetic mRNA
encoding Cycsg1 was generated and microinjected into wild-
type embryos. Microinjection of in vitro synthesized cycsg1
mutant mRNA into wild-type embryos resulted in cyc
overexpression phenotypes (Rebagliati et al., 1998; Sampath et
al., 1998) at 22°C, shown by the expansion (Table 2 and Fig.
2E) or duplication (Fig. 2F,G) of shh-expression domains. By
contrast, at 28.5°C, similar to embryos injected with cycm294
mutant RNA, embryos injected with cycsg1 mRNA were
indistinguishable from control embryos (Table 2 and Fig. 2D),
confirming that the A-T transversion in cycsg1 is responsible for
the temperature-sensitive phenotype.
To detect wild-type and mutant proteins, synthetic mRNA
encoding Cyc+FLAG or Cycsg1FLAG was injected into wild-type
embryos, and animal cap explants dissected from the injected
embryos were processed for detection of the Flag epitope.
Animal caps loaded with either wild-type or mutant Flag-
Fig. 1. Variable fusion of the eyes (A-E) and ventral curvature (F-J)
in protruding mouth stage (6 days post fertilization at 22°C) cycsg1
mutant embryos maintained at 22°C. Class I (A,F) represents the
mildest phenotype similar to wild-type embryos, and class V (E,J)
represents the most severe phenotypes, similar to null mutations in
cyc. At 28.5°C, only class V phenotypes are observed. 
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tagged cyc RNA show localization of the wild-type (not shown)
and mutant protein at 22°C (Fig. 2K). By contrast, at 28.5°C,
only the wild-type protein is detected (Fig. 2I), whereas
Cycsg1FLAG is not detected (Fig.2L), similar to control explants
(Fig. 2H). In situ hybridization with gsc in the animal cap
explants showed expression in explants from cycsg1 injected
embryos at 22°C but not at 28.5°C (data not shown). Cos-7
cells transfected with the plasmids pCS2cyc+FLAG and
pCS2cycsg1FLAG show localization of the Cyc+FLAG protein at
37°C (Fig. 2J), but not the Cycsg1FLAG protein (Fig. 2M). 
Analysis of markers of mesendoderm, ventral neural
tube and motoneurones in cycsg1 mutant embryos
Expression of cyc transcripts in gastrula stage cycsg1 mutant
embryos at 22°C is similar to that seen in wild type embryos
(Fig. 3A,B) or reduced (Fig. 3D,E). At 28.5°C, similar to
ENU-induced null mutations in the cyc locus (Rebagliati et
al., 1998; Sampath et al., 1998), cyc transcripts in cycsg1
mutants are reduced by mid-gastrula stages (Fig. 3C), and
are not detected by the end of gastrulation (Fig. 3F). Analysis
of expression of goosecoid (gsc), a marker of the
prechordal plate mesendoderm (Thisse et al., 1994), which is
reduced in cyc null mutants, reveals variably reduced (Fig.
3I,J) to normal (Fig. 3G) prechordal plate mesendoderm in
cycsg1 mutants at 22°C, compared with those at 28.5°C (Fig.
3H).
In situ hybridization with the early marker of the floor plate,
tiggy-winkle hedgehog (twhh), shows patterns that are either
comparable with wild-type embryos or reduced in cycsg1
mutants at 22°C (Fig. 4A-C). At 28.5°C, similar to null
mutations in cyc, twhh expression is not detected in the midline
(Fig. 4D) of cycsg1 mutants. Strikingly, expression of shh in
prim-5 stage cycsg1 mutants reveals a range of patchy to
complete floor plates at 22°C (Fig. 4E-G), whereas at 28.5°C,
similar to null mutations in cyc (Hatta et al., 1991), there is a
complete lack of medial floor plate cells (Fig. 4H). The cycsg1
embryos with patchy shh expression reveal the intermittent
presence of floor plate cells throughout the length of the
embryo (Fig. 4E), with gaps in the anterior of the embryo but
a fairly complete floor plate in the trunk (Fig. 4F), or with
normal shh expression in the anterior and gaps in the trunk
(Fig. 4G). 
Primary motoneurones revealed by islet2 expression also
show a range of phenotypes in cycsg1 mutants at 22°C (Fig. 5B-
D) compared with wild-type siblings (Fig. 5A). The position
of primary motoneurones may be similar to that seen in wild-
type embryos, either with a shh-positive medial floor plate (Fig.
5B), or even in the absence of a shh-positive floor plate (Fig.
5C). Alternatively, in the absence of a medial floor plate,
similar to null mutations in cyc (Beattie et al., 1997), the
primary motoneurones collapse in the midline (Fig. 5D).
Immunostaining using antibodies raised against the zn5
epitope to detect retinal ganglion cell axons in the anterior of
the embryo (Fig. 5E-G), and secondary motoneurones in the
trunk (Fig. 5H-J) show patterns comparable with wild-type
embryos (Fig. 5E,F,H,I) in cycsg1 mutants raised at 22°C, in
contrast to those raised at 28.5°C (Fig. 5G,J).
Cyclops function is essential at mid-gastrula stages
for induction of the floor plate
A fundamental question regarding the induction of the floor
plate is when this event takes place (Dodd et al., 1998; Le
Douarin and Halpern, 2000; Placzek et al., 2000). Because
embryos homozygous for the temperature-sensitive mutation,
cycsg1, have medial floor plate cells at the permissive
temperature and lack them at the restrictive temperature, we
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Table 1. Phenotypes manifested by homozygous cycsg1 mutant embryos at the permissive (22°C) and restrictive (28.5°C)
temperatures
Total number Mutant embryos Total number Mutant embryos 
Phenotype of embryos at 22°C % mutant of embryos at 28.5°C % mutant
Fusion of eyes I 7 3.2 0 0
II 10 4.6 0 0
III 9 4.1 0 0
IV 1 0.5 0 0
V 4 1.8 71 27.1
Ventral curvature I 5 2.3 0 0
II 3 1.4 0 0
III 4 1.8 0 0
IV 11 5.0 0 0
V 8 3.7 71 27.1
Totals 218 31 14.2 262 71 27.1
Mutant embryos were scored for fusion of eyes and ventral curvature of the body. Variable phenotypes were observed at 22°C, whereas at 28°C, the mutants
exhibited only severe cyclops phenotypes. Phenotypes have been classified based on increasing severity, with class I representing the mildest phenotype (similar
to wild-type embryos) and class V representing severe phenotypes (similar to null mutations in cyc). In addition, at 28°C, the expected Mendelian segregation
was observed, whereas at 22°C, only 14.2% of the embryos showed mutant phenotypes.
Table 2. Overexpression of cycsg1 mRNA results in
duplication or expansion of the axis at 22°C but not at
28°C
Number of embryos with 
Injected mRNA Total expansion or duplication of 
(5 pg) Temperature (n) shh expression domain (%)
cyc+ 22°C 138 100 (72.5)
28°C 120 85 (70.8)
cycm294 22°C 115 0 (0.0)
28°C 134 0 (0.0)
cycsg1 22°C 150 85 (56.7)
28°C 133 0 (0.0)
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used the cycsg1 allele to address this question. Embryos
collected from matings of cycsg1/+ heterozygous fish were
incubated at 22°C and shifted to 28.5°C (22-28 shift) to
abrogate Cyclops function at various stages of gastrulation and
segmentation. In these temperature shifts, the floor plate should
develop until the point in embryogenesis when Cyclops is
essential for this event. Interestingly, cycsg1 mutant embryos
shifted to 28.5°C at early gastrula stages did not show any
medial floor plate cells (n=42) as assessed by expression of the
early markers of the floor plate, twhh and shh (Fig. 6A), as well
as the markers of differentiated floor plate cells, f-spondin2
(spon1b – Zebrafish Information Network) and col2a1 (data
not shown). Furthermore, 22-28 shifts performed after
midgastrula stages (75% to 80% epiboly) resulted in the
presence of medial floor plate cells in ~75% of mutant embryos
(n=110; genotype confirmed by PCR) (Fig. 6A,C,D). 
Conversely, embryos were incubated at 28.5°C, and shifted
down to 22°C (28-22 shift) at various stages to determine if
medial floor plate cells could be rescued in these embryos.
When 28-22 shifts were performed at early to mid-gastrula
Fig. 2. Identification of the molecular lesion in cycsg1. (A) Nucleotide sequence electropherogram showing an A to T transversion at position
853 of the coding sequence of cyc. (B) The mutation introduces a new site for the restriction enzyme PvuII, seen in digests of DNA amplified
from individual cycsg1 mutant embryos, when compared with wild-type embryos. (C) Schematic representation of the leader, pro and mature
ligand domains of Cyc, with the cleavage site and Arg-Stop change indicated (black arrowhead). Expression of shh in control embryos (D)
compared with expanded (E) or multiple (F,G) domains in embryos injected with cycsg1 mutant RNA (E-G) and incubated at 22°C. Arrowhead
in G indicates an additional axis in the posterior. (D-G) Dorsal views. (H-L) Expression of wild-type Cyc+FLAG protein (I) compared with
Cycsg1FLAG mutant protein (K,L) in animal cap explants incubated at 22°C (K) or 28.5°C (L), and control explants (H). Cos-7 cells transfected
with pCS2cyc+FLAG (J) or pCS2cycsg1FLAG (M) show localization of Cyc+FLAG protein (J) but not of Cycsg1FLAG(M). The weak nuclear staining
in pCS2cycsg1FLAG transfected cells was detected in untransfected controls as well (not shown). White arrowheads indicate cells expressing high
levels of protein. Scale bars: in L, 20 µm for H,I,K,L; in M, 20 µm for J,M. 
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stages, more than 80% of mutant embryos exhibited medial
floor plate cells (n=94; genotype confirmed by PCR) (Fig. 6B).
The proportion of mutant embryos with shh-positive floor-plate
cells decreases as shifts were performed later in gastrulation
(Fig. 6B). A 28-22 shift-down after 80% epiboly failed to
induce any medial floor plate cells (n=188), similar to embryos
incubated at 28.5°C alone until 24 hpf (n=93). These results
indicate that Cyclops is required for inducing the floor plate
between 70 and 80% epiboly.
Interestingly, we found that embryos that were shifted down
to the permissive temperature at 50% or 60% epiboly showed
a complete floor plate and ventral neural tube, throughout the
entire length of the neuraxis (Fig. 6E), whereas shift-down at
later stages resulted in rescue of patches of floor-plate cells
(Fig. 6F). The patches were distributed throughout the length
of the neuraxis, regardless of the stage at which the embryos
were shifted. In addition, embryos from 28-22 shift-down
experiments at mid-gastrula stages typically showed longer
stretches of cells expressing floor plate markers than embryos
from 22-28 shifts (Fig. 6C,F). These results suggest that
Cyclops function may be required first for induction of the
floor plate from its precursors early during gastrulation, and,
subsequently, for the complete development of the floor plate
along the entire length of the neuraxis. 
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Fig. 3. Expression of cyc and gsc transcripts in cycsg1 mutant
embryos. (A-F) Dorsal views; (G-J) anterior views. At 70% epiboly
(A-C) as well as 90% epiboly (D-F), cyc transcripts in cycsg1 mutants
(B,E) at 22°C are similar to wild-type embryos (A,D). At 28.5°C, cyc
transcript levels are reduced in cycsg1 mutant embryos at 70% epiboly
(C), and not detected by 90% epiboly (F). Compared with wild-type
embryos (G) or cycsg1 mutant embryos at 28.5°C (H), gsc expression
is variably reduced in cycsg1 mutant embryos at 22°C (I,J). 
Fig. 4. Floor-plate cells are present in cycsg1 mutant embryos at 22°C
but not at 28°C. (A-D) Dorsal views; (E-H) lateral views with
anterior towards the left. Expression of the early marker of floor-
plate cells, twhh, in 100% epiboly wild type (A) and cycsg1 mutants
at 22°C (B,C) compared with lack of expression in cycsg1 mutants at
28.5°C (D). At prim-5 stage, cycsg1 mutants have patchy to complete
shh expression in the floor plate at 22°C (E-G) and lack of floor plate
shh expression at 28.5°C (H). (E) Gaps in the expression of shh in
the ventral brain and spinal cord (red arrowheads). In E-H, dotted
boxes mark the area displayed in the inset with patchy shh expression
in the floor plate of the trunk and a normal notochord underneath
(white arrowheads). (F) Gaps in shh expression in the hindbrain and
rostral spinal cord (red arrowheads) but fairly complete floor plate in
the trunk (inset). (G) Nearly complete ventral brain and rostral spinal
cord floor plate, and patchy shh expression in the trunk (inset, red
arrowheads). (H) At 28°C, similar to cyc null alleles, shh expression
is seen in the notochord (white arrowhead), but not in the overlying
neural tube except for a few cells in the dorsal midbrain (yellow
arrowhead). 
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Continual Cyclops signalling is required during
gastrulation for formation of a complete floor plate 
To confirm the above observations that the floor-plate inducing
activity of Cyclops is essential during mid-gastrulation, we
addressed whether a transient pulse at the permissive
temperature during mid-gastrulation was sufficient for
induction of the floor plate, or, conversely, if a brief incubation
at the restrictive temperature could abrogate floor-plate fates in
cycsg1 mutant embryos. When embryos were incubated at
28.5°C throughout gastrulation and segmentation, with a brief
shift-down period at 22°C during mid-gastrulation, 27/29
mutant embryos (93%) that were incubated at 22°C between
70 and 80% epiboly showed rescue of medial floor plate cells,
determined by the presence of shh- or twhh-expressing cells
(Fig. 7A,D,H). However, the extent of rescue as determined by
shh expression at prim-5 stage was usually patches of three or
four cells, throughout the length of the neuraxis (Fig. 7H). If
the pulse of 22°C was given between 60 and 90% epiboly, all
Fig. 5. Primary and secondary motoneurones in cycsg1 mutant
embryos. (A-D) Cross-sections at the level of the trunk.
(E-G) Anterior views. (H-J) Lateral views of trunk.
(A-D) Expression of isl2 (purple, asterisks) marks the position of
primary motoneurones in the ventral neural tube. Compare shh (red)
expression in the floor plate (black arrowheads) and notochord (white
arrowheads) in wild-type embryos (A) with that in cycsg1 mutants at
22°C (B-D). Retinal ganglion cell axons (E-G) and secondary
motoneurones (H-J) in wild type (E,H) or cycsg1 mutants at 22°C
(F,I) or 28°C (G,J). Black arrows indicate axonal projections from
retinal ganglion cells and secondary motoneurones.
Fig. 6. Temperature shift experiments indicate that the floor plate is induced during gastrulation. (A) In shift-up experiments, embryos
transferred from 22°C to 28.5°C after 75% epiboly show patches of shh-expressing (shh+) floor-plate cells (C), which increased significantly if
the shift was performed at 80% epiboly and later stages (D). (B) In experiments where embryos were shifted down from 28°C to 22°C,
embryos shifted at 50% epiboly and 60% epiboly had complete expression of shh in the floor plate (E). The number of embryos with shh+
floor-plate cells, and the extent of rescue, decreases if the shift-down is performed later during gastrulation (F). Lateral views are shown.
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mutant embryos (n=17) showed floor-plate cells (Fig. 7A,B,F).
Furthermore, the embryos showed longer stretches of cells
expressing shh (Fig. 7F), with a complete floor plate in the
trunk in all mutant embryos. Conversely, only 9/30 (30%) of
the mutant embryos that were raised at 22°C and incubated at
28.5°C between 70 and 80% epiboly showed floor plate cells
(Fig. 7A,E,I). The number of cells expressing twhh or shh were
also fewer, with large gaps between patches of floor plate cells
(Fig. 7E,I). If the pulse of 28.5°C was given between 60 and
90% epiboly, all mutant embryos (n=24) lacked floor plate cells
(Fig. 7C,G). Thus, although a transient pulse of Cyclops
signalling between 70-80% epiboly is sufficient to initiate floor
plate fates, continuous Cyclops signalling is required between
60 and 90% epiboly for a complete floor plate. 
Induction and formation of a complete floor plate
requires high levels of Cyclops signalling
Ectopic overexpression experiments in zebrafish and Xenopus
have suggested that different levels of Nodal signalling pattern
the organizer, with high levels required for specification of the
anterior organizer fates (prechordal plate mesendoderm), and
lower levels for posterior (notochord) fates (Jones et al., 1995;
Gritsman et al., 2000). To determine if the level of Nodal
signalling is important for induction of the floor plate, we
overexpressed wild-type cyc mRNA in wild-type embryos.
Although low doses of cyc RNA [or squint (sqt) RNA, data
not shown] are sufficient to induce ectopic domains of the
marker of the notochord, flh (Fig. 8B) (Gritsman et al., 2000)
(n=147), expansion or duplication of the gsc and twhh
expression domains (n=124 and 273, respectively) requires
higher doses of cyc mRNA (Fig. 8G,H,K,L). Thus, high levels
of Cyclops signalling are required for specification of floor
plate fates.
This was supported by analysis of compound mutants of
cycsg1 generated with a null allele of cyc, cycm294 and with the
other zebrafish nodal-related mutant, sqtcz35. Although all
mutant embryos (38/186 cyc; genotype confirmed by PCR)
from cycsg1/+ matings at 22°C had a complete floor plate (Fig.
9A), 4/79 embryos from matings of cycm294/+ with cycsg1/+ at
22°C had no shh expression in the floor plate (Fig. 9B), and
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Fig. 7. Temperature pulse experiments reveal the precise time
window of floor-plate induction. (B-E) twhh expression, dorsal view,
(F-I) shh, lateral view. (A) While incubation at 22°C between 70 and
80% epiboly was sufficient to induce floor plate fates in >90%
mutant embryos, the extent of rescue was groups of cells distributed
throughout the neuraxis (D,H). Maximal rescue was observed in the
embryos kept at 22°C between 60 and 90% epiboly (B,F). In the
converse experiment, embryos pulsed at the restrictive temperature
(28.5°C) showed very few (E,I) floor plate cells in the 70-80%
interval or no floor plate cells (C,G) if pulsed at 28.5°C between 60
and 90% epiboly.
Fig. 8. Induction of the early floor-plate gene, twhh, requires high
levels of Cyc/Nodal signalling. (A-L) Dorsal views at 50-60%
epiboly. (A-D) flh; (E-H) gsc; (I-L) twhh. (A,E,I) Control embryos
showing expression of all marker genes in the shield. Overexpression
of 0.05 pg of cyc+ RNA results in expansion of the flh domain (B),
but not of gsc (F) or twhh (J). Injections of higher doses of cyc+ RNA
result in expansion of the gsc (G,H) and twhh (K,L) domains as well.
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18/79 embryos were shh+, but showed several gaps in shh
expression in the floor-plate domain (genotype cyc; confirmed
by PCR). 
Similarly, Although 9/190 embryos (4.7%) at 22°C from
cycsg1/+;sqtcz35/+ matings did not express both shh and hgg1,
a marker of the prechordal plate mesendoderm (genotype
cyc/cyc;sqt/sqt double mutants, confirmed by PCR),
clutches obtained from matings of cycsg1/+;sqtcz35/+ and
cycm294/+;sqtcz35/+ fish showed a higher proportion (21/341;
6.2%) of shh-;hgg1- embryos (Fig. 9C,D) at 22°C. In addition,
68/254 embryos at 22°C from matings of cycsg1/+;sqtcz35/+ and
cycm294/+;sqtcz35/+ were shh+hgg1+, but showed several gaps
in the expression of shh in the floor-plate domain (genotype
cyc; confirmed by PCR) (Fig. 9B,D). This is in comparison
with no gaps in the floor-plate domain of hgg1+;shh+ embryos
kept at 22°C from cycsg1/+;sqtcz35/+ matings (36/141 cyc;
genotype confirmed by PCR) (Fig. 9A,C). The floor plate in
the trunk was also complete in all hgg1-;shh+ homozygous sqt
mutant embryos (n=188). Similar results were obtained using
the early markers, twhh and gsc, at 100% epiboly (data not
shown). Therefore, although one copy of cycsg1 is sufficient for
the initial development of the floor plate from its precursors, it
is not sufficient for a complete ventral neural tube along the
length of the neural axis. Furthermore, deficiencies in the
prechordal plate mesendoderm did not affect induction of the
floor plate by Cycsg1.
DISCUSSION
cycsg1 as a tool to understand the functions of
Cyclops/Nodal signalling
Nodal signalling has been shown to be required for several
patterning processes in early vertebrate embryos, ranging from
the specification of mesoderm, endoderm and the ventral
neural tube, to establishment of left-right asymmetry (Schier
and Shen, 2000; Whitman, 2001). Many of these events occur
early in development, and may be temporally or spatially
overlapping, making it difficult to assess the precise
requirements for Nodal signalling in each of these germ layers
and processes. Evidence for the functions of Nodal signalling
in specific tissues/germ layers has been obtained primarily
Fig. 9. Specification of floor-plate cells is dependent on high levels of Cyclops signalling. Embryos from matings of cycsg1 (A), cycsg1 with
cycm294 (B) and cycsg1;sqtcz35 (C), and of cycsg1;sqtcz35 with cycm294;sqtcz35 (D) heterozygous fish were maintained at 22°C or 28°C, and
analysed for shh expression to determine the extent of floor plate, and hgg1 expression for the prechordal plate mesendoderm at prim-5 stage.
(A) Mutants homozygous for cycsg1 showed the expected proportion of embryos with shh- floor plate at 28°C, whereas at 22°C, all mutant
embryos were shh+ for the floor plate through the entire length of the ventral neuraxis. (B) Embryos harbouring one null copy of cyc in
combination with one copy of cycsg1 showed a small proportion of mutant embryos with no shh expression in the floor plate domain, even at
22°C (4/79). However, the proportion of shh– embryos at 22°C was always less than that seen in the siblings from the same mating maintained
at 28°C. In addition, 18 mutant embryos at 22°C showed patches of shh+ floor-plate cells. (C) In embryos from matings of cycsg1;sqtcz35
transheterozygotes, at 22°C no shh-hgg+ embryos (genotype cyc) were detected, compared with 17% in the siblings kept at 28°C. In addition,
the proportion of embryos that were lacking both shh and hgg1 expression is significantly less at 22°C than that seen in embryos from the same
clutches kept at 28°C. (D) In comparison with C, shh-hgg1+ embryos were seen in matings of cycsg1;sqtcz35 with cycm294;sqtcz35 heterozygotes,
even at 22°C. In addition, the proportion of shh–hgg1– embryos was comparable with that seen in siblings from the same mating at 28°C.
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from the generation of chimeras in the mouse (Varlet et al.,
1997; Brennan et al., 2001; Brennan et al., 2002). A
hypomorphic allele has also been described in the mouse nodal
gene (Lowe et al., 2001). However, the nodalfl/∂ mutant
embryos die before gestation and manifest more severe
phenotypes than our cycsg1 homozygous mutant embryos at
22°C. Thus, the zebrafish temperature-sensitive cycsg1mutant
provides a powerful tool with which to assess the precise
requirements for Cyclops/Nodal signalling in all tissues and
stages in which it functions.
Interestingly, the molecular lesion in cycsg1 is a transversion
which results in a premature stop codon in the pro domain. The
receptor-binding functional moiety of TGFβ family proteins is
thought to lie within the C terminus mature domain (Kingsley,
1994), and this region should be lacking in the Cycsg1 mutant
protein. However, cycsg1 is functional at 22°C. Accordingly, we
find that Flag-epitope tagged Cycsg1 mutant protein is detected
in zebrafish animal cap explants at 22°C, but not at 28.5°C.
In addition, in Cos-7 cells, wild-type Cyc+ protein shows
subcellular localization in a pattern reminiscent of the Golgi
complex, whereas the mutant protein is not detected. Because
an alternate start site (met 336) is present within the pro region
after the stop codon, it is possible that the N terminus-truncated
Cyc protein generated from this site is stable and functional in
zebrafish embryos at 22°C but not at 28.5°C. Alternatively, a
translational read-though mechanism similar to that described
in mammalian cells (Laski et al., 1982; Hryniewicz and Vonder
Haar, 1983; Phillips-Jones et al., 1995) may function at 22°C,
the permissive temperature for cycsg1, allowing Cyc function
at this temperature. It is also possible that the pro domain of
Cyc has some activities that have not been previously
identified. Analysis of Cycsg1 can therefore provide valuable
insights into the functions of various domains of Cyc/Nodal
proteins.
Cyclops is required at multiple steps of floor-plate
specification
By abrogation of Cyclops signalling in cycsg1 temperature-
sensitive mutant embryos at various stages of early
development, we have determined that the crucial window for
Cyc function in inducing the zebrafish floor plate is during
gastrulation. Disruption of Cyc function during gastrulation by
temperature shift experiments and modulation of the level of
Cyclops signalling results in patchy or no medial floor plate
marker gene expression. Interestingly, the cycsg1 mutant
embryos with patchy floor plate exhibit groups of floor-plate
cells that are distributed throughout the length of the neuraxis.
The presence of patches of floor plate cells throughout the
length of the neuraxis suggests that the entire ventral neural
tube arises from a group of precursors that are distributed
throughout the length of the embryo, and that their
differentiation into floor plate cells requires continuous
Cyclops signalling during gastrulation. Previous observations
by Hatta et al. (Hatta et al., 1991) where transplanted wild-type
cells adopted floor-plate fates in cyc mutant hosts, and were
able to recruit adjacent mutant host cells into floor plate fates,
indicated that once specified, mutant cells had the ability to
differentiate into floor plate cells. Our data indicates that
sustained and high levels of Cyclops signalling are essential
for the complete specification of floor-plate cells. Thus, in
addition to being required for induction of cells of the floor
plate and ventral neural tube, Cyclops signalling is also
required for the development of a complete ventral neural tube
throughout the entire length of the embryo.
Prechordal plate mesendoderm and the floor plate
inducing activity of Cyc
Signalling in the anterior organizer cells, which give rise to the
prechordal plate mesendoderm, has been implicated in
induction of the floor plate (Sampath et al., 1998; Amacher et
al., 2002). We find that deficiencies of the prechordal plate
did not affect induction of the floor plate by Cyclops in
sqtcz35/sqtcz35, cycsg1/cycsg1;sqtcz35/sqtcz35, or cycm294/cycsg1;
sqtcz35/sqtcz35 mutant embryos. It is possible that the precursors
of the prechordal plate cells or the remaining prechordal plate
cells in these mutants are able to mediate floor plate induction
via Cyclops signalling. Similar to the requirements for
specification of prechordal plate mesendoderm (Gritsman et
al., 2000), we find that uninterrupted and high levels of Cyclops
signalling during gastrulation are crucial for induction and
complete development of the floor plate in zebrafish. Sustained
and high levels of Cyc/Nodal signalling during gastrulation can
specify both floor plate and prechordal plate mesoderm fates.
Therefore, we cannot rule out the possibility that it is the high
level of Cyclops signalling, rather than signalling in the
prechordal plate mesendoderm, which is responsible for floor
plate induction.
Using the temperature-sensitive cycsg1 allele, we have
conclusively provided evidence that the medial floor plate is
induced during gastrulation in zebrafish. It will be important to
identify the cells in which Cyc/Nodal signalling is required
for inducing the floor plate, the molecules that function
downstream of Cyclops signalling to mediate this process in
fish, and its similarities and differences with floor plate
induction in amniotes. Given that several aspects of Nodal
signalling are highly conserved (Schier and Shen, 2000), and
given that axial/FoxA2/HNF3β is a common downstream
effector of the floor-plate induction pathways in zebrafish as
well as mice (Rastegar et al., 2002), similar mechanisms and
timing of floor-plate induction are also likely in other
vertebrates.
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